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Abstract 
 
The number of genetically different wheat varieties has increased in recent years to 
produce starches with different properties due to the limitation of native starch for uses in 
the food industry. The goal of this study was study the differences between the normal and 
waxy wheat starch properties, which may be useful in specific end-uses. 
 
 In this thesis, QAL2000, a commercial soft wheat variety, and seven soft waxy 
wheat genotypes, Qa-wx-1, Qa-wx-39, Qa-wx-53, Qa-wx-59, Qa-wx-69, Qa-wx-70, Qa-
wx-83, which were derived from QAL2000 by mutagenesis were used to isolate starch and 
study its properties.  Differential scanning calorimetry (DSC), for thermal properties, X-ray 
diffraction (XRD) for intensity of crystallinity and high performance anion exchange 
chromatography (HPAEC) for amylopectin chain length distribution have been employed 
to investigate the starch granular structure at the nanometre scale. Starch chemical and 
physical structure was characterized in terms of amylose content and starch granule size 
distribution. Starch functionality was studied by a series of tests including swelling power, 
solubility, pasting properties by Rapid Viscosity Analyser (RVA) and in vitro enzymatic 
digestibility methods. The swelling power of the waxy granules was higher, whereas the 
solubility value and starch granule size distribution were lower than the QAL2000 
granules. The difference in the amylose content of the two types of starches was shown to 
have an effect on the amylopectin chain length distribution. The absence of amylose was 
shown to the influence the relative crystallinity (RC), thermodynamic and functional 
properties of the starch granules. 
 
The study showed that, in comparison to the non-waxy parent, the waxy wheat 
starches displayed characteristic pasting properties that presented increased peak, and 
lower breakdown and final viscosities. After adding lipid to both waxy and non-waxy 
wheat starches pasting properties featured increased peak, breakdown and final viscosities.  
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The interaction of granular starch with iodine solution and vapour was used to 
reveal information about the physical state of the polymers in the waxy and normal wheat 
starch granules. The interaction of granular starch to iodine solution and vapour established 
different levels of molecular organization between the waxy and normal starches. 
 
In vitro enzymatic digestibility of native waxy and normal wheat starches showed 
clear differences related to the amylose content. Wheat starches with normal amylose 
content had slower digestion and were more resistant to enzymes than the low amylose 
starches. The in vitro enzymatic digestibility of all of the cooked starches was the same, 
whereas in vitro of the digestibility cooked and cooled waxy and normal wheat starches 
was influenced by storage times. 
 
Conditioning under different relative humidities strongly influenced starch 
properties. Variability of moisture content in the starch granule  (low and high) and storage 
time had large effects on starch granule structure and functional properties including 
swelling power, solubility and pasting properties as well as the reaction to iodine vapour. 
The results of this study can be applied to improve the quality of starch storage for use in 
food applications.  
 
The effect of alkaline treatment, which is used for starch modification and in 
methods for starch isolation, on starch granular structure and other physicochemical 
properties was studied. Alkali treated starch granules were not greatly changed 
morphologically but there were substantial effects on starch structure, functional properties  
and the in vitro enzymatic digestibility. 
 
In conclusion, this study showed that the absence of amylose significantly affected 
physicochemical, functional and in vitro digestion properties of waxy mutants in 
comparison to the non-waxy parent. The effects of moisture content and alkali treatment 
were also clearly different on the waxy starches compared to the QAL2000 parent. The 
variability in these properties due to the genetic manipulation by plant breeding the 
variability in these properties can have positive effects on starch properties, which may be 
useful for starch industrial applications.   
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 Chapter 1. Introduction and literature review 
1.1. Introduction  
Wheat is one of the most important cereal crops cultivated worldwide. It ranks 
second in the world by harvested volume behind maize and ahead of rice. The grain is used 
in human foods in the form of flour to make various breads, biscuits/cookies, noodles, 
pastries, cakes and dumplings, as well pasta (Babić et al. 2006).Wheat grains contain 
mostly starch, and also proteins and lipids, which are stored in the grain and used as an 
energy source for a new plant. Starch, a common storage carbohydrate in plants, is also one 
of the main components in many foods. Starch plays a major role in daily human life as a 
source of dietary energy in most human nutrition and food systems (Rahman et al. 2007; 
Schwartz and Whistler 2009). Starch granule consists of two glucose polymers, amylose 
and amylopectin, and a small amount of lipid and protein (Lillford and Morrison 1997). 
Starch provides a direct dietary source of glucose, which is important to the brain and red 
blood cells (Perry et al. 2007). In addition, starch alone accounts for 35-70 % of human 
caloric intake (Lawton 2004). This research will focus on the structure and properties of 
wheat starch. 
Given the important role starch plays in food and non-food systems, crop breeding 
is being used to produce new cultivars with improved economically important properties 
of starch. Modifying the amount of amylose and amylopectin affects the chemical and 
functional properties of starch (Sestili et al. 2010). Waxy starches with little or no 
amylose have a positive effect on shelf life of baked foods due to a decreased rate of 
staling (Bhattacharya et al. 2002). The main aim of this project is to examine and 
compare the structure, functional properties and in vitro enzyme digestibility of starch 
from QAL2000, a commercial soft wheat variety, and seven soft waxy wheat lines, Qa-
wx-1, Qa-wx-39, Qa-wx-53, Qa-wx-59, Qa-wx-69, Qa-wx-70, Qa-wx-83, which were 
obtained from QAL2000 by mutagenesis with ethyl methane sulphonate (EMS).  
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EMS is one of the important chemicals used in mutagenesis applications, such as 
with modified TILLING (Targeting Induced Local Lesions In Genomes) technology for 
improvement of wheat crop genetics (Slade et al. 2005; Dong et al. 2009). The review of 
the literature will focus on topics applicable to this aim. 
 
1.2. Wheat 
Common wheat (Triticum Spp.) is one of the oldest and most important crops in the 
world. Wheat is the second largest cereal grain by production (USDA 2011). It makes up 
more than one third of the world’s cereal production, and is an important source of calories 
and protein (Adams et al. 2002; Shewry 2009). Cultivation dates back to about 7000-9000 
BC in Mesopotamia (Iraq), from where it quickly spread to the Arabian Peninsula and 
other parts of the world. Archaeological remains of wheat grains have been discovered 
near Syria, Turkey, Israel and Egypt, and it is now cultivated worldwide. Wheat is 
cultivated once per year in most countries around the world but, depending upon irrigation, 
it is sometimes grown twice annually in some places (Belderok et al. 2000).  
 
   The total wheat production worldwide was approximately 672 million tonnes in 2010  
(Shewry et al. 2013) and about 700 million tonnes in 2011-2012 (FAO). The predicted 
world requirement for wheat by 2020 is about 840 million tons (Rajaram and Braun 2008). 
The main production of wheat by regions (2004-2006) is in East Asia and South Asia with 
98 million tons, North America with 88 million tons, Eastern Europe and Russia with 69 
million tons, Middle East and North Africa (including Turkey) 61 million tons, South 
America and Central Asia and Caucasus with 22 million tons and Australia and New 
Zealand with 19 million tons (Ortiz et al. 2008). Wheat is the single largest food import 
into developing countries and also a major portion of emergency food aid due to it being 
easily stored, transported and processed into various types of food. The increased 
production of wheat during the past four decades led to relatively lower food prices, which 
contributed to a reduction in the proportion of poor in developing countries (Ortiz et al. 
2008). Of total worldwide production, 73 % is used for food, 20 % for feed and 7 % for 
planting seed (Sayaslan et al. 2006).  
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The main constituents of wheat grain (starch and gluten protein) form part of the 
ingredients for many foods, such as soft cookies, breads, cakes, pastries and other baked 
goods (Singh et al. 2010a). In Europe, Asia and Middle East wheat is commonly used for 
making pan breads, pizza and pasta (Carter 2002; Bergthaller et al. 2004). Wheat products 
are commonly present in processed foods such as sweets, frozen meals, packet soups, 
chips, pre-prepared meals, snack bars, chocolates, baking needs,  cake mixes, marinades, 
savoury crackers and crisp breads, and also vinegars and dressings, gourmet products, 
mueslis, ice-creams and ice blocks were contained (Sayaslan et al. 2006; Atchison et al. 
2010). Ingredients from wheat can also be combined with some fermentation products to 
make beer (Šramková et al. 2009).  
 
Wheat is a member of the grass family, and its various species belong to the genus 
Triticum, where three of the ploidy levels of wheat are cultivated. Triticum monococcum is 
a diploid species with wild and cultivated variants and Triticum dicoccum is tetraploid 
species, cultivated in ancient times but no longer in widespread use, which were the 
earliest varieties that originated in Iraq about 9000 BC. Triticum aestivum is the most 
widely planted species, of common wheat or bread wheat grown today (Hancock 2004; 
Jaradat 2011).  Bread wheat with soft or hard grain endosperm constitutes about 95 % of 
total production. Generally, these species of wheat could be classified into many wheat 
classes/grades depending on the product suitability on processing and end-use qualities 
(Wheat export marketing arrangements 2010) (Table 1.2). In comparison, durum wheat 
(Triticum durum also referred to as Triticum turgidum), which constitutes approximately 5 
% of bread production, is used in pasta making (Waduge 2012) 
 
Common wheat (Triticum aestivum L.) is a hexaploid and has three active 
homoeologous waxy (Wx) genes (i.e. Wx-Al, Wx-B1, and Wx-D1), which code for the Wx 
protein isoforms (Kiribuchi-Otobe et al. 2004). The three homoeologous genomes 
originated through one or more rare hybridization events between a diploid species of the 
genus Aegilops tauschii (DD) (a sister genus to Triticum that belongs to the same 
hierarchical classification) and a wild tetraploid species of the T. turgidum subsp. 
dicoccum (AABB) (Haider 2012).  
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Each genome has seven chromosomes, and the location and structure of genes 
from these homoeologous groups are similar (Graybosch 1998). Wheat has a higher level 
of standing variation than other plants, because of its polyploid nature (Slade et al. 2005; 
Dong et al. 2009). Therefore, wheat is one of the more difficult crops to study due to its 
genetic complexity (Miura et al. 2002; Graybosch 2005; Yee-Ling 2008), as shown in Fig 
1.1.  
 
Figure 1-1 Organization of bread wheat chromosomes and location of waxy loci. 
From Graybosch (1998). 
 
  In recent years, scientists have focused on these chromosomes to produce a different type 
of wheat with waxy (amylose free) starch (Yan et al. 2000; Graybosch, 2005). This 
involved inactivating one or two GBSS genes, to give the partial waxy protein (reduced 
amylose), or all three GBSS genes, to give the fully waxy starch (amylose-free) 
(Graybosch 1998; Boggini 2001; Sharma et al. 2002; Vignaux et al. 2004; Delwiche et al. 
2006; Peng et al. 2009). Waxy wheat was originally developed in 1994 through 
conventional plant breeding in Japan (Nakamura et al. 1995), and later in Canada (Demeke 
et al. 1999; Chibbar et al. 1997) and the United States (Graybosch 2000; Morris and 
Konzak 2001). Waxy wheat grains contain less than 1-5 % amylose, meaning endosperm 
starch essentially consists of amylopectin (Graybosch 2005). Waxy wheat is used directly 
in food applications after it has been dry–milled into flour (Guan et al. 2009).  
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Table 1-1 An example of the composition of wheat products per 100 g edible portion. 
 
From Kumar et al. (2011).
Wheat product 
Protein 
% 
Fat  
% 
Carbohydrate 
% 
Starch  
% 
Total Sugars 
% 
Vitamin E 
mg/100g 
Thiamine 
 mg/100g 
Riboflavin 
mg/100g 
Niacin 
mg/100g 
Folate 
µg/100g 
 
Germ 26.7 9.2 44.7 28.7 16.0 22 2.01 0.72 45 - 
Bran 
 
14.1 5.5 26.8 2 3.8 2.6 0.89 0.36 29.6 260 
Flour 
 
12.6 2 68.5 66.8 1.7 0.6 0.3 0.07 1.7 51 
Whole meal 
flour 12.7 2.2 63.9 61.8 2.1 1.4 - 0.09 - 57 
White flour 
(plain) 9.4 1.3 77.7 76.2 1.5 0.3 0.1 0.03 0.7 22 
White flour 
(self-raising) 8.9 1.2 75.6 74.3 1.3 0.3 0.1 0.03 0.7 19 
White flour 
(bread-making) 11.5 1.4 75.3 73.9 1.4 0.3 0.1 0.03 0.7 31 
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1.3. Wheat structure and morphology    
Wheat grains have a complex structure composed of different tissues (Fig. 1.2). A 
single wheat grain weighs between 35 and 50 mg and is about 5 and 8 mm in length 
(Belderok et al. 2000; Yee-Ling 2008). It is made up of 13-17 % of bran layers, 2-3 % of 
germ, and 81-84 % endosperm (Belderok et al. 2000; Posner 2000). Grains contain 
approximately 70-80 % carbohydrate, 9-15 % protein, 2 % fat, and vitamins (thiamine, 
niacin in small quantities and vitamin-B) and minerals (potassium, phosphorus,  
magnesium, calcium)) (Fraley 2003; Shewry et al. 2006; Topping 2007; Šramková et al. 
2009; Kumar et al. 2011), (Table 1.1). Starch granules account for 65- 75 % of the wheat 
grain dry weight (Srichuwong et al. 2005; Tester et al. 2004a). 
 
 
 
Figure 1-2 Structure of wheat grain. From Brouns et al. (2012). 
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Table 1-2  Australian wheat classes/grades 
From Wheat Export Marketing Arrangements, Productivity Commission Inquiry Report, 
(2010) and wheat classification guidelines (2011). 
Wheat class/grade Classification 
zones 
Characteristics Target protein    
range % 
Required end 
products 
 
Australian Prime hard 
(APH) 
 
QLD, all 
NSW zones 
Hard grain, good 
milling quality, 
dough strength 
and extensibility 
 
13-15 
Yellow alkaline 
noodle, straight 
sponge and 
dough baking 
 
Australian Hard (AH) 
 
All zones 
Hard grain, good 
milling quality, 
dough strength 
and extensibility 
 
 
11.5-13.5 
Yellow alkaline 
noodle, straight 
sponge and 
dough baking 
 
 
 
Australian Prime White 
(APW) 
 
 
 
All zones 
Hard grain, good 
milling quality, 
medium to strong 
and extensible 
dough, 
moderately high 
to high-swelling 
starch 
 
 
 
10-12 
Yellow alkaline 
noodle, straight 
sponge and 
dough baking 
 
Australian Standard 
White (ASW) 
 
 
 
All zones 
Mainly hard but 
some soft grain. 
Sound, good 
milling, medium 
strength and 
extensibility 
 
 
-- 
Yellow alkaline 
noodle, straight 
sponge and 
dough baking 
 
 
Australian Soft (ASFT) 
 
 
All zones 
Soft grain, good 
milling quality, 
low strength but 
adequate 
extensibility, low 
flour water 
absorption 
 
 
 
7.5-9.5 
Cookie or 
biscuit, steamed 
bun 
 
Australian Standard 
Noodle (ASWN) 
 
All NSW, 
WA, Vic 
zones 
Soft grain, good 
milling quality, 
moderate strength 
and good 
extensibility 
 
 
9.5-11.5 
Udon noodle 
 
Australian Durum 
(ADR) 
 
All zones 
Free-milling 
grain, vitreous, 
amber-coloured 
kernels, produces 
semolina 
 
 
13-15 
Dry long Italian 
type pasta 
(spaghetti) 
Australian Premium 
White T (APWT) 
 
WA only 
 
Hard grain, high-
swelling starch 
 
10-12 
White salted 
noodle 
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1.4. Starch 
1.4.1. General properties 
Food generally contains a complex mixture of ingredients that depend on the type 
of product for consumption. These components include water, protein, carbohydrates and 
lipids (Perry et al. 2007). Carbohydrates, which are one of the three major food 
components, are also the most widely distributed. Starch is the major carbohydrate stored 
in cereal grains. Starch is stored in green plants as a major source of energy; it is produced 
during photosynthesis, and is stored as a transient energy reserve in the chloroplasts as well 
as a long-term energy source in amyloplasts (Pérez and Bertoft 2010). Starch is composed 
of two glucose polymers: amylose and amylopectin. Amylose makes up 20-30 % of most 
native starch granules. Amylopectin make up 70-80 % of starch granule (Nakamura 2002; 
Blennow et al. 2003; James et al. 2003; Hayashi et al. 2004; Pérez and Bertoft 2010; 
Jiranuntakul et al. 2011).  
Wheat is a major source of dietary fibre, which mainly comprises non- starch 
polysaccharides (NSP) derived from the cell walls (Shewry et al. 2013). The NSP content 
ranges from 7 to 11 %, and consists mainly of arabinoxylans (both soluble and insoluble), 
which are very variable depending on factors such as cultivar, environmental factors, and 
storage conditions after harvesting (Willamil et al. 2012; Mirzaie et al. 2012). Many of the 
whole-wheat grain nutrients associated with human health benefits are present in the germ 
and in the aleurone cells, which surround the starchy endosperm (Hemery 2007; Kumar et 
al. 2011). Starch is the main component of foods such as bread, pasta, breakfast cereals, 
biscuits and cakes, and is a major energy source in animal feeds.     
Starch is an important source of dietary calories, and it is convenient for high 
volume transport, inexpensive to produce and suitable for long-term storage without 
spoilage (Klucinec and Keeling 2006). Starch is used in foods in various ways after its 
chemical structure has been modified (Tharanathan 2005; Schwartz et al. 2009). 
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Heating starch with water containing enzymes or acid makes the chains in the 
starch granule break down into smaller dextrins and maltodextrins, which are used in 
brewing beer and in candy and the starch syrups that make jellybeans, wine gums and baby 
food, depending on the starch behaviour during gelatinization (Sajilata et al. 2005). The 
tendency of starch to form a gel when mixed with water makes it an important component 
in thickened sauces. Starch has the ability to keep food moist to extend the shelf life of 
such products (Hayes and Laudun 2008; Singh et al. 2010a).     
  Starch granules occur in a wide range of sizes with diameters that range between 
0.1-200 µm. All starche granules contain small amount of ash, lipid, fiber and protein. For 
example, wheat starch includes 0.9 % lipid, 0.4 % protein but no phosphorus. Common 
corn starch has 0.8 % lipid,  0.35 % protein but no phosphorus. Potato starches contain 0.1 
% lipid, 0.1 % protein and 0.08 % phosphorus (Maningat et al. 2009) (Table 1.3). 
  Starch contains small amounts of minerals (less than 0.4%) such as calcium, 
magnesium, phosphorus, potassium and sodium (Blennow et al. 2003). Lipids inside the 
granules consist of about 90 % lysophospholipids (70 % lysophosphatidylcholine, 20 % 
lysophosphatidylethanolamine, and 10 % lysophosphatidylglycerol). Starch granules in 
cereal grains also contain between 0.25-0.5 % protein, whereas in potato and cassava the 
protien level is  generally < 0.1 % depending on the source of plant. This protein in the 
starch is divided in two types depending on its extractability from the granules: granule-
surface proteins and integral starch granule proteins, which may be bound with amylose-
amylopectin structure inside the granule (Netrphan 2002; Davisa et al. 2003 ). 
Table 1-3 Compositions of wheat starch granules. 
 
 
 
 
 
 
 
 
From (Lillford and Morrison 1997).                           
 
Components % dry basis 
Amylose 23-27 
Amylopectin 73-77 
Surface Lipids  0.02-0.6 
Internal Lipid 0.02 
Surface Protein s 0.006-0.5 
Internal  Proteins 0.07 
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Typically the moisture content of cereal grain starch is about 10-12 %, whereas 
tuber starches contain about 1518 % moisture (Christian 2008). The moisture content of 
starch granules can change. Starch granules can absorb water depending on changes in 
relative humidity on the type of starch, equilibration time and temperature (Manion et al. 
2011). Approximately 60 million tonns of starch is extracted annually around the world 
from different sources, such as cereal grains, tubers and roots (Grommers et al. 2009; 
Muljana, 2010). Around 60 % used in foods such as sauces, snack foods, and sugary 
syrups and 40 % in non-food application such as papers, packing materials and fertilizer 
(Moorthy 2002; Burrell 2003; Waduge 2012). Other non-food uses of starches include 
stiffeners, stamps and laundry products (Tharanathan 2005; Hayes and Laudun 2008; Chiu 
et al. 2009). 
Industrial starch production uses many different extraction techniques for starch 
isolation. Typical procedures used to isolate starch from whole grain involve soaking in 
alkaline solution or water with chemicals to inhibit enzyme activity. Furthermore, starch is 
isolated after milling the grains to flour (Sun et al. 2013). Preparing industrial starch 
involves soaking, grinding, or wet milling of grains, filtration to remove coarse plant 
materials, and drying to fine powder (Richard 2005). Therefore, the different methods that 
are used to isolate starch, such as cereal starch, which consists of about 70 % starch and 
only 15 % water, may start with dry milling such as wheat, whereas corn is wet milled. 
Tubers and roots such as potato, which include 80 % water and less than 20 % starch were 
used for wet milled processing (Smith and Denyer 2003). Pea starches can be isolated by 
alkaline steeping (Han and Tyler 2003), dry milling (Naguleswaran and Vasanthan), acid 
processing and neutral protease isolation methods (Sun et al. 2013).    
  
1.4.2. Amylose and Amylopectin 
Starch granules are made up of two glucose polymers, amylose and amylopectin in 
different ratios depending on botanical source and also environmental factors (Wang et al. 
2006; Peroni et al. 2006).  
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Both polymers are made up of α-D-glucose: amylose is an essentially unbranched 
molecule with relatively few long chains of α-1, 4 linked D-glucosyl units. Amylopectin is 
a semi-crystalline and highly branched molecule, with α-1, 4 linked and α-1, 6 linked D- 
glucosyl units (Desse 2008; Gongshe et al. 2010; Jiranuntakul et al. 2011) Fig. 1.3 and 
Table 1.3. Amylose and amylopectin have major influences on the physiochemical 
properties of starch for application in food industries (Hung et al. 2007). 
Amylopectin is more stable in solution and produces soft gels and weak films, 
whereas amylose has lower solubility and gives stiff gels and strong films (Pérez and 
Bertoft 2010). These factors affect functional properties including gelatinization, pasting,  
retrogradation, water absorption, swelling power and solubility. These properties are 
affected by the different plant sources and environmental factors during growth (Pérez et 
al. 2005; Peroni et al. 2006; Wang et al. 2006; Riley et al. 2006;  Yuan et al. 2007). 
Additionally, the relationship of starch with other components, such as the interaction with 
the lipids and water, plays a role in the functional properties, which is of interest to the 
food industry (Perry et al. 2007) as shown in Table 1.4. 
                                   
Table 1-4 Summary of the physicochemical properties of amylose and amylopectin. 
 
  
    
DP=degree of polymerization (The average number of glucose units for one molecule). 
From Tester et al. (2004a). 
 
Normally, amylose molecules consist of 200-700 glucosyl units, whereas the 
number of glucosyl units in amylopectin may be to up to 1000- 5000. Amylopectin is one 
of the largest chemical molecules in nature, with molecular mass of up to 108 (Stoddard 
2004; Robyt 2008; Grommers et al. 2009). Most branches include short chains of glucose 
of about 6-20 units. 
Properties AM AP 
Molecular structure Mostly linear (α-1,4) Branched (α-1,4  and 1,6) 
Iodine binding Strong Weak 
Iodine colour blue purplish-red colour 
Molecular weight MW up to 10⁶ MW up to 109 
Gel Forms firm gels Non-gelling to soft gels 
DP 324-4920 9600-15,900 
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These short chains are arranged in clusters within the polymer. The amylose 
content in waxy starches is between 1-8 % (Pérez and Bertoft 2010). 
 
  
 
Figure 1-3 Structure of amylose and amylopectin. From Tester and Karkalas (2002). 
 
              
 
1.4.3. Amylopectin chain length distribution 
The amylopectin molecule is about 100 times larger than amylose (Yoo and Jane 
2002). It has a heavily branched molecular structure, which is made up of 95 % (α-1-4) 
glucosidic bonds and 5 % (α-1-6) glucosidic bonds. The amylopectin structure contains 
three mains types of chains, A-type, B-type and C-type, as shown in Fig. 1. 4. A-chains in 
an amylopectin molecule are linked by (α-1-6) bond to many B-chains giving the 
amylopectin the final structure (Tester et al. 2004a). The chain length of the A and B1 in 
the amylopectin is around 12-24 glucosyl units, which depending on the type of starch 
(Franco et al. 2002).  
 
 
13 
 
 
Furthermore, amylopectins from different botanical origin were shown to be 
different in their internal segments of the molecule, such as the length of inter-cluster and 
inter-block segments (Bertoft et al. 2008). The length of A-type chains is between 12-16 
glucose unit. B-chains are recognized as B1, B2, B3 and B4 chains after debranching with 
isoamylase, which have lengths of 20-24, 42-48, 69-75 and 101-119, respectively (Tester 
et al. 2004a). A model for starch granule structure, called the hairy billiard ball model, 
describes the outside of the granule having protruding branches of amylopectin rather than 
a smooth exterior (Robertson et al. 2006). The specific factors controlling the size of starch 
granules in all species are as yet unknown (Burton et al. 2002; Dinges et al. 2003).  
 
 
Figure 1-4 Schematic representation of a section of amylopectin indicating the branching 
pattern of unit (1-4)-α-chains (A, B1-B3) joined by (1-6)-α- linkages (branch points). From 
Hizukuri (1986). 
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1.5.    Starch biosynthesis 
  Most plants use starch as a source of energy for growth or during seed germination 
until the new plant can make its carbohydrates by photosynthesis. In this process, sunlight 
and water are utilized to convert CO₂ into carbohydrates. Photosynthesis converts about 
10¹¹ tonnes CO2 into starches and cellulose annually (Cornell 2003). Plant cells can convert 
sucrose from photosynthesis during the day into starch, whereas during the night, starch is 
broken down into sugars. Starch accumulates in storage tissues (seeds, tuber and root) 
(Bechtel and Wilson 2003; Kawagoe et al. 2005). Starch biosynthesis is a complex 
process, which involves at least four groups of enzymes. These include ADP- glucose 
pyrophosphorylase (AGPase), five isoforms of starch synthase (SSs; GT5 family), three 
isoforms of starch branching enzyme (SBEs) and two isoforms of debranching enzyme 
(DBEs; GH13 family) (Myers et al. 2000; Denyer et al. 2001; Tetlow et al. 2004; Morell et 
al. 2006) as shown in Fig 1.5. 
Figure 1-5  The major groups of enzymes involved. From Rayirath (2014). 
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The first committed step in the biosynthesis of both transient and storage starch in 
plant tissues is the production of adenosine 5'-diphosphate glucose (ADPGlc), which is the 
soluble precursor of starch, from Glucose-1-P (Glc-1-P) and ATP. ADPGlc synthesis is 
catalysed by the enzyme AGPase (Tetlow 2006; Jeon et al. 2010). Starch synthases (SSs) 
catalyse the transfer of the glucosyl moiety of ADP-glucose to the non-reducing end of α- 
(1-4)-linked glucan primer. SSs are divided into two groups; the granule-bound starch 
synthases (GBSS), which are involved in amylose biosynthesis and soluble SSs, which are 
involved in amylopectin biosynthesis (Geigenberger 2011). 
There are two types of GBSS isoforms recognized as GBSSI and GBSSII, which 
are restricted to the granule matrix of starch synthesizing tissues in plants. GBSSI with 
molecular mass of ~60 kDa, is the main enzyme for synthesizing amylose in endosperm, 
(Waduge 2012; Rayirath 2014). GBSSI is among the proteins bound inside starch granules 
(Nakamura 2002). Mutants of barley (Patron et al. 2002), and wheat (Fujita et al. 2011), 
which lack GBSSI have either low or zero amylose (Vrinten and Nakamura 2000; Chibbar 
and Chakraborty 2005; Lorrain 2006; Morell 2009; Lafiandra et al. 2010). The second 
isoform is GBSS II, which is for synthesis of amylose in leaves and non-storage tissues.  
Soluble SSs are divided into four isoforms, named SSI, SSII, SSIII, and SSIV 
(Tetlow et al. 2004). SSI is primarily responsible for the synthesis of the shortest glucan 
chains. In wheat endosperm, the SSI is expressed early in development producing glucan 
chains with DP 5-10 (Waduge 2012). The SSII isoform is classified into two isoforms 
SSIIa and SSIIb. SSIIa predominates in cereal endosperm, whereas SSIIb is mostly 
restricted to photosynthetic tissues (Tetlow 2011). Both SSI and SSII are trapped within 
the starch granules in many cereals, whereas the SSIII and SSIV have a role in granule 
initiation (Thitisaksakul et al. 2012). 
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Starch branching enzymes (SBEs) catalyse the formation of α-(1, 6)- linkages 
within the polymer. They hydrolyse α-(1, 4)- linkages and then transfer the cleaved chain to 
an acceptor chain to form an α-(1, 6)-branch point. There are two types of SBEs known as 
SBEI and SBEII, that can be differentiated based on the preference of glucan chain length 
for transfer. SBEI may determine the spacing between branching points in cereal 
endosperm (Xia et al. 2011), while the two isoforms of SBEII found in cereals, SBEIIa and 
SBEIIb, determine most of the branching. SBEIIb is the main activity in rice and maize, 
and SBEIIa in wheat and barley (Regina et al. 2010).  
Starch debranching enzymes (DBEs) hydrolyse α-(1, 6)- linkages within 
polyglucans, which is required to regularize the branching and maintain amylopectin 
crystallinity (Jeon et al. 2010). There are two types of DBEs: iso-amylase (ISA), and 
pullulanase (PUL or limit dextrinase), which vary in their preference of glucan substrate 
(Zeeman et al. 2007). Three isoforms of ISA and one isoform of PUL occur in cereals, 
with ISA2 having a major role in glucan debranching and starch granule synthesis, while 
that of PUL appears relatively minor (Utsumi et al. 2011). All of these enzymes have 
different specific roles in the formation of amylose and amylopectin during starch 
synthesis (Smith 2001). 
Many of the genes that encode enzymes required for starch biosynthesis have been 
sequenced (Vrinten and Nakamura 2000; McCue et al. 2002). In wheat endosperm, the 
large A-type starch granules are initiated about 4-7 days post anthesis (DPA), and the 
smaller B-type granules around 10-12 DPA (Langeveld et al. 2000). Environmental effects 
act on starch synthesis. For example, temperature affects the temporal pattern of enzyme 
activity ADP-glucose pyrophosphorylase, granule bound and soluble starch synthesis and 
starch branching enzymes. High temperature reduces transcript levels for all the enzymes, 
and may affect formation of starch granules and amylose: amylopectin ratios (Hurkman et 
al. 2003). 
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1.6. Starch structure and characteristics 
1.6.1. Starch granules 
Native starch occurs as granules, the form of which is related to the structure and 
arrangement of amylose and amylopectin structure. The size and shape of the starch 
granule vary depending on the species, cultivar, tissue source of starch in the plant and the 
genotype by environment interactions (Ratnayake and Jackson 2003; Lindeboom et al. 
2004; Nhan and Copeland 2014). Starch granules have different shapes such as oval, 
spherical, disk, elongated, round and polygonal, and their size ranges between about 1-100 
µm (Jobling 2004). In general, cereal starch has smaller granules compared to tuber and 
root starches (Gunaratne and Corke 2004). For example, the size of potato starch granule 
are 5-100 µm  compared to common corn starch (2-30 µm), wheat starch (2-55 µm) and 
rice granules, which are the smallest of the commercial starch granules at 1-6 µm.  
 
 
Table 1-5 Granule shapes and sizes of starch granules of different biological origins. 
From (Jobling 2004). 
 
 
Starch granules have a semicrystalline character, which indicates a high degree of 
orientation of the glucan molecules. Around 70 % of the mass of normal starch granule is 
regarded as amorphous and about 15-45 % as crystalline. The organization of the 
amorphous and crystalline regions is shown in Fig. 1.7. The amorphous regions contain the 
main amount of amylose but also a considerable part of the amylopectin. The crystalline 
region consists primarily of the amylopectin (Sajilata et al. 2006). Waxy starch has higher 
crystallinity than non-waxy starches due to higher percentage of amylopectin (Van Hung et 
al. 2007). 
 
Starch characteristic Maize Wheat Potato Cassava 
Type Cereal Cereal Tuber Root 
Granule shape Round, polygonal Round, bimodal Oval, spherical Oval, truncated 
Granule size (µm) 2-30 1-45 5-100 4-35 
18 
 
 
 
Figure 1-6 The organization of the amorphous and crystalline regions (or domains) of the 
structure generating the concentric layers that contribute to the “growth rings” that are 
visible by light microscopy. From Sajilata et al. (2006). 
 
As shown in Fig. 1.7, there are four levels of organization that make up the starch 
granule: the cluster of amylopectin molecules (0.1-1 nm), the lamellae (~10 nm), the 
blocklet (20-250 nm) and the whole granule (>1 μm). Amylopectin molecules are closely 
packed together to form clusters of double helices. The crystalline lamellae are created by 
the association of amylopectin double helices interspersed with amorphous regions. 
Amylose and other molecules (e.g., water, lipids) disturb the regular formation of blocklets 
introducing defects. The ordered aggregations of normal and defective blocklets form the 
concentric rings of hard (crystalline) and soft (semi-crystalline) shells in the starch granule 
(Taiz and Zeiger 2010). 
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Figure 1-7 Levels of organization of the starch granule. From 
Taiz and Zeiger (2010). 
 
There are two types of starch granules in the endosperm cells of wheat, barley, rye 
and triticale. They differ in shape, dimension, composition and properties and are called A- 
and B-types (Wilson et al. 2006; Maningat et al. 2009). A-type granules are usually disc-
shaped and are initiated about 10 days earlier than the more spherical B-type granules 
(Langeveld et al. 2000). A-type granules are larger (>10µm) than B-type granules, which 
are (< less than10 µm) and spherical (Fig. 1.9).  
The A-type granules of wheat starch have lower proportion of short amylopectin 
chains and a higher proportion of longer amylopectin chains than B-type granules in tuber 
sources like potato (Salman et al. 2009). In the wheat starch A-type granules share to more 
than 70 % of the total starch weight, whereas B-type granules only share to about 25-30 % 
of the total starch weight.  
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A-type granules represent 3 % of the total granule number, whereas B-type 
granules are more than 90 % of the total by number (Shinde et al. 2003; Zhang et al. 2010; 
Kim et al. 2011). A-type and B-type granules have different amylose, protein and ash 
content (Table 1.5). For example, A-type granules have more amylose content (31 % 
absolute amylose) whereas B-type granule contains 26 % absolute amylose (Peng et al. 
1999). A-type granules contain less lipid than B-type (Ao and Jane 2007; Maningat et al. 
2009), also A-type for normal and waxy wheat starch have a greater crystallinity than B-
type (Ando et al. 2002; Chiotelli and LeMeste 2002; Vermeylen et al. 2005).  
 
Table 1-6 Amylose, protein and ash content of A- and B-type wheat starch granules. 
 
From Liu et al. (2007). 
 
 
These differences lead to variation in functional properties of the two starch 
granules types such as swelling behaviour, gelatinization and pasting properties (Park et al. 
2005; Geera et al. 2006; Kim and Huber 2008; Blazek et al. 2009; Kim 2009; Kim and 
Huber 2010).  
 
     Soft wheat starch Hard wheat starch 
Content % (w/w)  A-type          B-type A-type             B-type 
Amylose  25.4±0.9 16.5±0.2 25.8±0.5 19.3±0.3 
Protein  0.6±0.3 4.3±0.2 0.0±0.0 1.9±0.0 
Ash  0.2±0.0 0.3±0.0 0.2±0.0 0.4±0.0 
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Figure 1-8 Scanning electron microscope images of wheat starch granules variety Sunco: 
A (A-type granule), B (B-type granule).  From Salman et al. (2009). 
 
 
1.6.2.    Crystallinity 
Native granular starch is semicrystalline and has a hierarchical structural 
periodicity, which is built up from about 16 repeats of alternating crystalline (5-6 nm) and 
amorphous (2-5 nm) lamellae, with a thickness of 120-400 nm, that surround an 
amorphous core (Waduge 2012; Wang and Copeland 2012; Wang et al. 2011). The semi-
crystalline growth rings are characterised by alternating crystalline and amorphous 
lamellae with a duplication period of 9-10 nm (Wang and Copeland 2012). Generally, 
starches from different botanical sources are classified according to the packing 
arrangement of the amylopectin double helices in the granule into three types of 
crystallites A, B, and C-type depending of the amylopectin double helices in the X- ray 
diffraction patterns (Ellis et al. 1998). The average chain length of amylopectin branches 
in A-type starches is shorter than B- and C-type starches and A-type starches have 1.5-2 
times more branches per cluster than B-type (Waduge 2012). 
 
 
A B 
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The A-type and B-type are independent, whereas the C-type is proposed to be 
mixture of consist of single both A- and B type. C-type is divided into CA, which is 
closer to A-type crystallite and CB, which is closer to B-type crystallite. Furthermore, 
amylose lipid-complexes are characterized by another type of crystalline structure called 
V-type (Lopez-Rubio et al. 2008). V-type starch is actually a whole family of 
allomorphs, which consist of single left-handed helix often with a complexing agent 
found inside the helix channel. It is found in high amylose and native starches (Morell et 
al. 2003) (Fig. 1.9). The A-type is characteristic of most cereal starches (Hung et al. 
2008), some tuber and root starches (Jayakody et al. 2005), and in some high amylose 
barley starch (Yoshimoto et al. 2000). The chains within A-type crystals are more 
densely packed than in the B-type. The A-type form has a monoclinic unit cell and the B-
type has a hexagonal unit cell (Frost 2010). The C-type crystallite is shown to occur in 
pea and tapioca starches (Hoover et al. 2010). 
 
Figure 1-9 Starch crystal morphologies. From Frost (2010). 
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The B-type starch granule has been shown by X-ray diffraction pattern to occur in 
tuber, root and high amylose barely, maize and rice starches (Jayakody et al. 2007) (Fig. 
1.10). Typical A-type diffraction patterns have a strong diffraction peaks at 2θ values of 
15 º, 17º, 18 º, and 23 º (Singh et al. 2006; Chavez-Murillo et al. 2008; Muljana et al. 
2010). Peak values for B-type crystallites are at 5.5 º, 14 º, 15 º, 17 º, 20 º and 22 º 
(Ohwada et al. 2003), which means A-type and B-type share peaks at 15 º, 17º and 20 º. 
V-type peaks occur at 7 º and 20 º, while C-type peaks are at 15.2 º and 17.2 º, which 
consist of an A and B-type pattern (Huang et al. 2007; Jayakody et al. 2007). The degree 
of crystallinity of starch varies between 15-45 % (Lopez-Rubio et al. 2008), and is 
affected by different factors, including the starch botanical source and methods for 
determining crystallinity (Frost et al. 2009). The amylopectin is involved in the 
crystallinity, while the amylose disarranges the double helices within the crystalline 
lamellae (Waduge 2012). 
 
Figure 1-10 X-ray diffractometer trace of different starches, (A) A-type from cereal starch, 
(B) B- type from tuber starch, (C) C-type and (V) V-type from helical amylose complexes 
from seed starches. From Zoble (1988). 
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X- ray diffraction (XRD) is the primary technique used to determine the degree of 
crystallinity and to identify distinctive difference between starches with the same 
crystallinity type (Salman et al. 2009). It is used widely for identification of 
semicrystalline polymers and recognition of crystalline phases (polymorphism) of 
polymers analysed.  
 
1.6.3.    Imaging 
Microscopy is one of the most widely used techniques in different biological and 
physical fields (Carlton 2011). It has been used since the 17 th century by researchers to 
develop an understanding of biological and medical materials at a greater scale of 
magnification than can be seen with the naked eye (Aguilera and Stanley 1999; Aguilera 
2005; Twyman 2005). Food scientists, engineers and technologists use microscopy and 
imaging techniques to study the morphological features and structure of starch granules.  
 
1.6.3.1. Light microscopy 
Light microscopy is a regularly used method to study the characteristics of different 
materials, especially in food analysis to examine the changes in biological structure of 
natural and processed food. The varieties in size and shapes of starch granules can be seen 
when these characteristics are investigated by light microscopy (Thys et al. 2008). 
Morphological methods vary depending on the optical sources used to examine starch in 
food applications, which are studied mostly using light microscopy, polarizing and 
fluorescent microscopy.  For example, to compare granule morphology between the waxy 
and normal maize starch using iodine staining, light microscopic images show the starch 
granules of normal and waxy starch granules to be blue and red- brown, respectively 
(Evans et al. 2003). As well, studies are performed on the gelatinisation process of starch 
because gelatinised granules lose their native morphological features. Granules lose their 
birefringence resulting in increased molecular motion that eventually leads to complete 
separation of amylose and amylopectin in the cooking process.  
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The disruption of granular structure through the cooking process caused the starch 
molecules easily to disperse in water, which is different depends on the type of starches 
such as, the waxy swells more than non-waxy starch (Ratnayake and Jackson 2006; Parada 
and Aguilera 2011).   
1.6.3.2. Scanning Electron Microscopy  
Scanning electron microscopy (SEM) is an important technique to show the 
morphological characteristics of the material such as quantity size and shape of granules in 
starchy and non-starchy foods (Srikaeo et al. 2006; Ratnayake and Jackson 2007). The 
morphology of starch granules varies depending on the plant source. For example, the 
granule structures of cereals (wheat, corn and rice) have a different size and shape 
compared with potato when viewed by SEM (Singh et al. 2003). As shown in Fig. 1.11, 
there were small differences between the waxy and non-waxy wheat starch granules. 
 
 
Figure 1-11 SEM micrographs of A: SM1118 starch granules and B: waxy wheat 
starch granules. From Salman et al. (2009). 
 
 
 
 
 
 
A B 
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1.6.3.3. Confocal laser scanning microscopy 
Confocal laser scanning microscopy (CLSM) is a relatively new powerful optical 
imaging tool for visualizing fluorescent specimens with high optical resolution and 
contrast. CLSM has been very useful for characterising starch granules and positioning 
some constituents in granules, such as protein (Han and Hamaker 2002b). It has been used 
for the structural analysis of the carbohydrates of food (Dürrenberger et al. 2001).  
A major difference between CLSM and conventional microscopy is the use of point 
illumination and a spatial pinhole in front of the detector for the elimination of focused 
light arriving at the detector (Fig. 1.13). This can reveal the three dimensional structures of 
the specimen (Smith 2008; Chuang 2011).There are several types of confocal microscopes 
but the most commonly used type captures images by scanning the specimen with a 
focused beam of light from a laser and collecting the emitted fluorescence signals with a 
photo detector. The development of CLSM goes back to an invention in the nineteenth 
century when Paul Nipkow designed a rotating disk with holes arranged in a spiral overing 
the possibility to scan images and transmit them by telegraphic wire.  
Nipkov disk led to technical developments in television technology, which is used 
after to develop the confocal microscope. CLSM has since found wide application in 
biological and medical science (Dürrenberger et al. 2001), including to study the 
morphological characteristics of native starch granules from different sources, and for 
starch in food application processes (Velde et al. 2002).    
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Figure 1-12 Basic confocal microscopy. From Smith (2008). 
 
1.7. Functional properties of starch 
Food materials are one of the major complex biological systems that undergo 
changes in structural and functional properties during processing (for example, heating, 
cooling, freezing), which affect the nutritional properties (Schiraldi et al. 2009).  
Generally, raw starch granules do not disperse in cold water, which limits the ir use 
in the food industry. However, added water with heat treatment in manufacturing processes 
causes loss of the granular structure of starch, for example due to gelatinization, swelling, 
pasting and retrogradation.  
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These nature of these changes differ depending on the genotype and on 
environmental effects on crops during their growth (Dang and Copeland 2004; Geera et al. 
2006; Ratnayake and Jackson 2008; Dona et al. 2010; Nhan and Copeland 2014). Starch in 
its original form is available in large amounts commercially, but it is usually not used in 
this form. Manufacturing needs to modify starch functionality for use in food applications.  
 
1.7.1. Swelling power and solubility 
Starch granules are insoluble in cold water, but on heating in water granules swell 
rapidly causing the amylose to leach out of the granules and thus increasing the viscosity 
of the solution (Jobling 2004), as shown in (Fig. 1.13). Swelling power is affected by 
amylose and lipid contents, and by granule organisation (Hoover 2001; Singh et al. 2010b). 
Starch swelling power is decreased with increased amylose content, proteins, and 
monoglycerides (Blazek and Copeland 2008). Swelling power of starch granules is related 
to rheological properties and pasting behaviour as measured by the Rapid Visco Analyser 
(RVA) (Li and Yeh 2001; Yamamori et al. 2006). The swelling process varies depending 
on the size of the starch granules, amylose and amylopectin content, granule damage, and 
temperature. Swelling is analysed by volume change, and described by a swelling power 
factor, which is g H2O absorbed per g of starch (Gunaratne and Corke 2004).  
 
Tuber starches swell more than cereal starches, and waxy cereal starches swell 
more than non-waxy starches (Huang et al. 2007). Tuber and root starches, such as 
potatoes, have very high swelling power because of the presence of phosphate groups 
(Jobling 2004). Waxy starch granules have a higher swelling power and absorb 10-20 % 
more water than normal wheat starch (Kim et al. 2003a; Stefan et al. 2006; Lan et al. 
2009).  
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Figure 1-13 Effects of hydrothermal processing on physical characteristics of starch. 
From Bornet (1993). 
 
 
1.7.2. Gelatinisation 
Gelatinisation is one of the most important processes that starch undergoes to 
change its properties. It occurs when starch is heated with an adequate amount of water, 
with the extent influenced by rate of heating, temperature and moisture (Caldwell et al. 
2000). Starch granules first absorb water and swell. The starch crystallites melt and the 
granule loses its molecular order and structure and briefringent character, and starch 
solubilisation takes place. On heating the water firstly enters the amorphous regions, which 
expand and transmit disruptive forces into the crystalline regions (BeMiller 2011).  
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These changes are accompanied by swelling of the granules, which under mixing 
conditions result in an increase in viscosity before the eventual collapse of the granules to 
form a paste, if the water content of the system is high enough (Wang and Copeland 2012) 
(Fig. 1.13).  
 
Starch granules are small grains and they are hard when raw, but after absorbing 
water in heat, they swell and soften. As a result of such swelling, the amylose and 
amylopectin crystallites and double helices are disrupted and the granules lose their 
structure (Sajilata et al. 2006). The gelatinisation process is different depending on 
condition for hydrothermal treatment/ process as showed in Fig. 1.13, the starch granules 
swell at about 50-60 ⁰C and gelatinisation begins to occur between 60-80 ⁰C, but the 
process is not complete until the temperatures reaches approximately 95 ⁰C (Bornet 1993).  
 
The starch molecules leach out of the granules, which begin to deform and collapse 
(Figoni 2008). The temperature for loss of birefringence can differ according to type of 
starch, i.e., tuber and root starches require lower temperatures than cereal starches, e.g., 
potato at 56-66 ⁰C; wheat 52-63 ⁰C; maize 62-72 ⁰C; and rice 66-77 ⁰C (Belton 2007). 
Sometimes starch granules from the same species give different gelatinisation properties 
due to environmental effects and the amount of water that is used to bring about starch 
gelatinisation processes (Tester and Karkalas 2001).  
 
1.7.3. Retrogradation 
Retrogradation is a process that occurs after loss of ordered structure in starch 
gelatinisation (Fig. 1.13). On cooling and storage, amylose and amylopectin in gelatinised 
starch can reassociate into an ordered structure to form a viscoelastic gel during storage, in 
a process known as retrogradation (Sasaki 2005). Retrogradation is a way that gelatinised 
starch can re-arrange into a different crystalline structure during storage or cooling. Several 
factors affect starch retrogradation, such as conditions for hydrothermal treatment, heating, 
storage time and temperatures, chain length distribution of amylopectin, molecular size of 
amylose, lipids, physical and chemical modifications of starch (Gunaratne and Corke 2004; 
Zhou et al. 2010). 
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 High amylose starches retrograde more rapidly than starches with low amylose 
content (Aparicio-Saguilán et al. 2005). Changes that occur during retrogradation are 
useful when preparing certain food products, for example, the texture of nood les 
(Gunaratne and Corke 2004). 
After the starch paste is cooled amylose retrogradation determines the initial 
hardness of a starch gel, whereas the long-term development of gel structure and 
crystallinity of processed starch is determined by retrogradation of amylopectin (Delcour 
and Hoseney 2010). Therefore, the cooling and storage of cooked pastes play important 
roles in the realignment of amylose, as well as the alignment of the longer chains of 
amylopectin. When the gel is frozen and thawed, as occurs with many food products, the 
water is rejected from the gel due to the realignment of molecules in a process called 
syneresis. The paste becomes more freeze-thaw stable. Syneresis is reduced when starch 
has low amylose content, and this characteristic is preferred in certain products (Bean and 
Steser 1992). Starch gels that contain amylose are characterized by extended molecular 
networks, whereas gels of waxy starch and starches mixed with lipids contain mostly 
aggregated globular structures (Tang and Copeland 2007). In general, amylose contributes 
to gel strength and firmness and reduces the stickiness of starch gels (Richardson et al. 
2004). 
Numerous methods can be employed to analyse the gelatinisation and 
retrogradation processes. These methods include differential scanning calorimetry (DSC), 
the most widely method used; Rapid Viscosity Analysis; X-ray crystallography; and 
nuclear magnetic resonance (Gunaratne and Corke 2004). DSC is one of most commonly 
used techniques for thermal analysis of food products. It can be used with different 
materials in a many applications, such as foods, proteins, polymers and plastics and also to 
study the crystalline transformation in the starch granule (Gabbott 2008). Sample and 
reference pans are positioned in the DSC chamber on top of a heater (Fig. 1.14). 
Temperature is increased gradually and the changes in heat flow during the time of 
analysis are measured. 
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In this process the starch granule undergoes different changes as it is heated, 
starting with the glass transition temperature (Tg), as a result of changes in the granule 
from a glassy to rubbery state, and then the gelatinisation process as the temperature is 
increased. The gelatinisation process is measured by three transition temperatures.                   
 
Figure 1-14 A typical DSC thermogram of a wheat starch–water system (water–starch = 2 
: 1) with a heating rate of 10 °C min. The thermal transition temperatures are indicated as 
Ts, To, Tp, Tc and Te. From (Wang and Copeland 2013). 
 
The onset temperature (To), from the intersection point of tangents to the 
thermogram; the intersection point of tangents to the thermogram at Ts, the peak 
temperature (Tp), and the end temperature (Te), the temperature of maximum heat flow and 
the conclusion temperature (Tc), which is the intersection point of tangents to the trace at 
the up slope after Tp and an estimate of the baseline. Change in enthalpy, ΔH, is calculated 
by the area under curve of heat temperature for the gelatinization process as measured 
(Singh et al. 2007; Parada and Aguliera 2011; Wang and Copeland 2013). Different factors 
affect the DSC process, such as microstructure of starch granule, interaction between the 
amylose and amylopectin chains (Chunge et al. 2006), rate of heating and amount of water.  
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If the amount of water is limited (starch/water ratio 1:2), gelatinization will not be 
complete due to the partial swelling of starch granules in this amount of water. The Tp  and 
Tc have been observed to increase with increasing water/starch ratios at high water content  
from 65 to 97 % (water/starch ratio of 1.5:1 to 25:1), reflecting the changes from 
incomplete swelling to complete swelling of starch granules (mainly amylopectin 
molecules) and partial dissolution of starch polymers (mainly amylose molecules). An 
increase in ΔH with increasing water content has also been reported for starches from 
wheat, rice, potato, legumes and maize normal (Parada and Aguliera 2011; Wang and 
Copeland 2012; Wang and Copeland 2013).  
 
Waxy wheat starch has higher gelatinisation temperatures (To, Tp, and Tc) and 
enthalpy (∆H) than normal wheat starch (Hayakawa et al. 1997). The amylopectin is the 
component in starch associated with granule crystallinity, and the final gelatinisation 
temperature and gelatinisation enthalpy are negatively impacted by amylose content 
(Sasaki 2005). In addition, when comparing A-type and B-type granules in wheat and 
barley starches, the smaller B-granules gelatinise at a higher temperature and over a wider 
temperature range than the larger A-granules (Chiotelli and LeMeste 2002). The 
gelatinisation for B-type starches is more difficult to achieve than that for A-type and C-
type starches (Bauer and Knorr 2005). When cooked, waxy starch produces a highly 
gelatinous dispersion, in the form of soft runny gel.  
 
1.7.4. Pasting 
Pasting is the behaviour following gelatinisation in the dispersion of starch. It is 
usually studied by observing changes in the viscosity of a starch system based on 
rheological values. Pasting is often measured in a Rapid Visco Analyser (RVA), which is a 
rotating viscometer that incorporates variable heating, cooling and shears capabilities. The 
RVA was first developed in the late 1980s and is used extensively to study pasting 
properties of starch and other materials. In the instrument, the samples are cooked, with 
ramped temperature and variable shear optimized for testing the viscous properties of 
starch, grain, flour and foods (Batey 2007).  
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During the STD1 protocol of starch analysis, the starch is heated in an aqueous 
environment. The starch granule imbibes water and swells, the internal crystalline structure 
melts (gelatinization) allowing more rapid movement of water within the granule. As the 
granule absorbs more water and swells, it breaks down under shear and a continuous gel 
forms. The viscosity changes produced by heating and cooling starch in water provide a 
characteristic pasting curve (Salman and Copeland 2010).  
 
From the pasting curve, several parameters can be observed that indicate the extent 
of disintegration and whether there is retrogradation (Zaidul et al. 2007). As shown in Fig. 
1.15 dry starch, when heated in excess water, starts swelling as the water molecules are 
absorbed by the starch, resulting in melting of granules with loss of the crystallinity. The 
starch granules may swell to many times their original size, depending on spatial 
constraints. The viscosity increases rapidly as the swelling reaches a maximum (peak 
viscosity), and followed by leaching of amylose from the granules. After maximum 
viscosity is reached, if the temperature continues to increase, the granules will disperse 
completely.   
 
The peak viscosity is typically followed by a decline in viscosity (termed the 
breakdown viscosity) as the starch granules breakdown and solubilised starch molecules 
orient themselves in the direction that the system is being stirred. Viscosity increases as the 
temperature is decreased to a final viscosity due to a decrease of energy in the system and 
subsequent hydrogen bond formation between starch chains (setback viscosity) when the 
starch product form a paste. In the cooling stage, the starches will have different 
behaviours depending on the amylose/amylopectin ratio. Starch pastes with amylose 
content over 20 % will see their viscosity increase at ambient temperature. This is due to 
reassociating of aligned amylose chains, usually leading to water release due to the process 
of syneresis.  
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Some studies in the RVA show that waxy wheat starch is characterised by high 
peak viscosity and low final viscosity compared with starches with normal amylose 
content. The low increase in viscosity after cooling is representative of amylopectin 
behaviour, the amylopectin re-crystallises at a slower rate than amylose and therefore a few 
days are necessary to observe a viscosity increase (Batey 2007; Desse 2008).  
 
Waxy wheat starches swell rapidly in hot water and reach a much higher pasting 
peak viscosity at lower temperatures than normal wheat starches; waxy wheat starches also 
give a high breakdown and low setback viscosity (Lumdubwong and Seib 2001). Starches 
with high amylose content show lower peak viscosity than that in waxy and normal 
starches, but the final viscosity of higher amylose content was higher than that in waxy 
starches, and lower than that normal starches (Yanagisawa et al. 2006).  
 
Waxy wheat starch can be modified to produce thickeners for food use after it is 
isolated by wet milling (Reddy et al. 2000). The viscosity of modified waxy wheat starch 
is higher than modified waxy corn starch, which makes waxy wheat starch more 
economical to use as a food thickener. The freezing stability improved the ability of waxy 
wheat starch to be used as thickeners and freezer stability is required for frozen food (Gune 
et al. 2009).  
 
 
 
 
 
 
 36 
 
 
 
         Figure 1-15 General behaviours of starch on heating and cooling in excess water in 
the RVA. From  Desse (2008). 
 
1.8. Starch complexes 
1.8.1. Lipid complexes 
Lipid is one of the minor components in native starch but it has a significant role in 
defining properties of starch in food applications and human nutrition (Copeland et al. 
2009). Lipid plays an important role in the food industry and in the human nutrition after 
its addition to the food process and this relates to the effects on chemical and physical 
properties of starchy foods (Pilli et al. 2011). The amount of lipid in cereal starches, such 
as maize and barley is between 0.1-1.4 % and is associated with amylose content (Svihus 
et al. 2005). The lipids usually are in the form of free fatty acids and Lysophospholipids, 
Fig. 1.16 B (i.e., monoacyl glycerolipids) (Arrigo and Servi 2010).  
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Waxy wheat starches have 0.9-3.2 % amylose and 0.1-0.3 % lipids (Abdel-Aal et 
al. 2002; Kim et al. 2003b; Chakraborty et al. 2004). Tuber starches (e.g., potato) have low 
lipid content. The lipid-complexes in waxy starches are different compared with normal 
starches (Pérez and Bertoft 2010).   
Lipids modify the properties and functionality of starch, such as increased 
gelatinisation temperature, reduced solubility of starch in water, decreased swelling 
capacity, reduced gel rigidity, retardation of retrogradation and reduced susceptibility to 
enzyme hydrolysis (Tufvesson et al. 2003). Starch and lipid complexes (Fig. 1.16) can be 
formed by mixing starch and different fatty acids or monopalmitin using the RVA (Tang 
and Copeland 2007). Different methods are used to study the starch lipids-complex, such 
as X-ray diffraction for examining the crystallinity and scanning calorimetry to analyse 
properties and stability of lipid complexes (Nebesny et al. 2005).  
 
 
 
Figure 1-16 A: Structure of amylose-lipid complex. From Buleon et al. (1998) and B: 
Lysophospholipid.  
 
B A 
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1.8.2. Iodine complexes   
The reaction between starch and iodine has been studied by many researchers. 
Rundle and Coworkers (1943) were the first to recognize the location of iodide ions in the 
cavity of the glucan α- helix of starch iodine complexes. These results were confirmed  by 
the use of the X-ray diffraction, microscopy and spectroscopy, which showed that the 
iodine atoms are surrounded by the amylose helix as a simple helical inclusion complex 
(Saibene et al. 2008; Wadugea and Seetharamana 2010; Wadugea 2012). This is related to 
the hydrolysis of iodine ions that come from molecular iodine by water of hydration in the 
starch (Rendleman 2003).  
Iodine has been used for over 70 years as an effective tool to study the structure and 
composition of starch granules. The reaction between the iodine solution and linear glucan 
polymers of starch  (Fig. 1.17) is widely used for the determination of amylose content of 
starch.  Microscopic analyses with dilute iodine solutions to stain the starch granules have 
been used to determine the amylose content as well as amylose–lipid complexes (Waduge 
and Seetharaman 2010;  Manion et al. 2011). The simple ability of iodine to bind with 
linear glucan polymers has been used to study the effect of different treatments on starch 
granule properties such as thermal or enzymic treatment and also used to elucidate the 
structure of other natural polymers including cellulose (Seguchi et al. 2000; Saibene and 
Seetharaman 2006).   
The color of iodine- starch complex depends on the degree of polymerization (DP) 
of the polymer chain. The color of starch –iodine complex ranges from brown (DP 21-24) 
to red (DP 25-29), red-violet (DP 30-38), blue-violet (DP 39-46), and finally blue (DP > 
47). Corn starch (21 % amylose, A-type crystallinty and 12 % moisture) is abile to bind 
more strongly with iodine than potato starch (17 % amylose, B-type crystillinity and 20 % 
moisture) (Seetharaman et al. 2008; Wadugea and Seetharamana 2010). Amylopectin  
binds with iodine if the linear part of the chain is long enough. Increasing the length of 
gulcan chain leads to the increase in the number of iodine molecules in starch complex 
(Knutson 1999).    
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Figure 1-17 Starch-Iodine complex. From Ophardt (2003).                                                                                                 
 
 
1.9. Starch modification  
Enzymatic, chemical (e.g., cross- linking, acetylation, acid and oxidation), physical 
(e.g., heat-moisture, annealing and extrusion), or a combination of these treatments have 
been used to modify starch (BeMiller 2003; D`Silva 2009). These starch modification 
methods make changes in the glucosidic bond or hydroxyl groups to produce new 
functional properties (Tharanathan 2005; Yanjie 2008). Waxy wheat starches have greater 
reaction with phosphoryl chloride than normal wheat starch because of their greater 
swelling power and lack amylose- lipid complexes (Bertolini et al. 2003; Van Hung et al. 
2007; Huber and BeMiller 2010). Waxy wheat starch is more open to damage and 
breakdown than normal wheat starch (Han et al. 2002). The further discussion of starch 
modification is given in Chapter 6. 
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1.10. Starch digestion 
Starch is hydrolysed by several types of enzymes into glucose through various 
stages. Starch has two types of glucosidic bonds, α-1-4 and α-1-6. Starch in the upper gut 
is attacked by α-amylases, which cleave α-1-4 links, and amyloglucosidases and 
isoamylases, which break α-1-6 glucosidic bonds (Copeland et al. 2009; Blazek and 
Copeland 2010a,b). α -Amylases (α-1, 4-glucan-4-glucanohydrolase; EC 3.2.1.1) belong to 
a family of endo-amylases that catalyse the cleavage of α-D-(1, 4) glycosidic bonds. These 
enzymes occur ubiquitously and play a dominant role in starch breakdown in 
microorganisms, plants and animals. The hydrolysis of α-1-4 glycosidic bonds in amylose 
and amylopectin of starch by human digestive enzymes involves salivary and pancreatic α-
amylases (Lehmann and Robin 2007). Amyloglucosidases (1, 4-α-D-glucan 
glucohydrolase; EC 3.2.1.3) from Aspergillus niger occur in microorganisms and its 
exoamylase action breaks both α-D-(1, 4) and α-D-(1, 6) of starch to produce glucose (Knill 
and Kennedy 2005). The susceptibility of native starch granules to degradation by 
amylases depends on the source of the starch and of the amylase. 
 
Figure 1-18 Starch hydrolysis with α-amylase and amyloglucosidase. From Hartmann and 
Jung (2010). 
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In industrial applications, starch hydrolysis by α-amylases and amyloglucosidase is 
used to produce glucose syrup, dextrose and maltodextrins (Tester et al. 2004b). As shown 
in Fig. 1.18 the starch digestion occurs when α-amylases break down the glucose 
molecules from inside of the starch chain into a mixture of dextrin, maltose and maltotriose 
oligosaccharides. Amyloglucosidase hydrolysis action occurs to maltase molecules when 
breaking down into glucose, which is easily absorbed into the blood stream within 
(Hartmann and Jung 2010). 
 
Starch digestibility may be measured by in vitro or in vivo methods. In vitro 
methods are based on measuring the glucose release at different times (Singh et al. 2010a; 
Blazek and Gilbert 2011; Wang and Copeland 2013). Englyst et al. (1992) proposed that 
starch may have different rates of digestion depending on the structural properties and the 
processes applied to starchy foods. Hence, they classified digestibility into three categories, 
which are rapidly digested starch (RDS), slowly digested starch (SDS) and resistant starch 
(RS), according to the susceptibility of starch to pancreatic amylase in vitro (Alsaffar 
2011). 
The in vivo digestibility of foods has been classified by a number of metrics, the 
most popular of which is the Glycemic Index (GI). The GI of food is a measure of the rate 
the contained carbohydrate is hydrolysed in the digestive system and the glucose formed is 
absorbed via active and facilitated diffusion across enterocyte membranes into the 
bloodstream (Dona et al. 2010). GI has proven useful as a numerical classification of 
carbohydrate containing foods in the treatment of diabetes (Wolever et al. 2008).  
Not all starches are digested and absorbed in the small intestine.  The fraction that 
escapes digestion is known as resistant starch (RS). It is known that human colonic 
bacteria ferment RS and non-starch polysaccharides (NSP) to short-chain fatty acids such 
as acetate, butyrate, propionate, which protect the colonic cells from DNA damage 
(Sharma et al. 2008; Topping et al. 2008; Birkett and Brown, 2008).   
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NSP and RS are recognized as important contributors to the prevention and 
management of diabetes, obesity, and colon and rectal cancers by moderating glucose in 
the blood stream during the digestion of the starchy food (Rahman et al. 2007; Blazek and 
Copeland 2010a; Dona et al. 2010; Blazek and Gilbert 2011).  
Native starch is broken down very slowly by enzymes, whereas processing or 
cooking increases its susceptibility to enzymatic breakdown. Waxy starch granules are 
attacked more readily than starch granules with significant amounts of amylose (Jane 
2007). Water absorption, and presumably enzyme access, first occurs in the amorphous 
regions of the granules. Therefore, in waxy starch water absorption may be less impeded 
than in starches with amylose in the amorphous layers (Salman and Copeland 2009b). 
Native starches differ in their susceptibility to enzymatic breakdown due to the effects of 
many factors including: 
 Particle size of starch granules (Tang et al. 2004; Riley et al. 2004; Noda et al.   
2005). 
 Botanical source of starch (cereal starches are attacked more readily than tuber 
starches  (Noda et al. 2005; Liu et al. 2006; Noda et al. 2008; Tahir et al. 2010). 
 Crystalline pattern, A-type crystals tend to be more resistant to enzymatic 
digestion than the B- type crystal form (Chung et al. 2006; Sandhu and Lim 
2008; Srichuwong and Jane 2007; Hoover et al. 2010). 
 Enzyme source and activity (Tester et al. 2004b). 
 Proportion of amylose and amylopectin (Al-Rabadi et al. 2009). 
 Proteins and lipids on the surface of starch granules (Svihus et al. 2005; Tester 
et al. 2006; Benmoussa et al. 2006; Vieira et al. 2008; Al-Rabadi et al. 2009). 
 Hydrolysis products (malto-oligosaccharides have been shown to inhibit 
amylolysis), (Shin et al. 2004). 
Gelatinized starches are digested much more rapidly than native starch granules. 
Most starch consumed by humans has had some form of processing, which leads to an 
alteration in the food structure and also influences the nutritional characteristics of the food 
including starch digestibility.  
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Cooking increases the susceptibility of starch to enzymatic digestion making it more 
readily available for enzymatic attack, as shown in several in vitro and in vivo studies 
(Alsaffar 2010; Singh et al. 2010; Parada and Aguilera 2012; Wang and Copeland 2013). 
Low digestibility of extrusion cooked starch or starchy foods has been seen in some cases, 
which may be attributed to the formation of amylose lipid complexes, starch protein 
interactions, and limited water availability in the processing (Singh et al. 2010). Studies by 
Roopa and Premavalli (2008) reported a decrease in the RS content of rice and finger 
millet after cooking due to boiling and pressure-cooking.  
After cooling, gelatinised starch will undergo varying degrees of retrogradation, 
which may decrease the susceptibility of starch to enzymatic digestion. The digestibility of 
retrograded starch paste is greatly affected by storage temperature and conditions of 
storage (Farhat et al. 2000). During storage, there is an initial rapid decrease in the 
digestibility of retrograded starch, which has been attributed to the fast retrogradation of 
amylose molecules. Subsequently, the decrease in digestibility occurs more gradually due 
to the slower rate of amylopectin retrogradation, which makes a smaller contribution to the 
decreased digestibility of retrograded starch.  
The dispersed polymers of the gelatinized starch have been observed to undergo 
retrogradation during refrigerated storage, which leads to the formation of semi-crystalline 
structures that resist digestion by amylases (Singh et al. 2010; Zhou et al. 2013; Wang and 
Copeland 2013). 
 
1.11. Aims of the research                                                                                  
In summary, we know starch properties influence food products in many ways. 
Most research has been focused on studying native starch granules using different tools 
such as microscopy, X-ray diffraction, and differential scanning calorimetry (DSC). There 
are still significant knowledge gaps to recognise that it is not only the structure of glucan 
polymers, but also their organization within the starch granule, which plays the major role 
in controlling the behaviour different types of starches in the food matrix and gives 
different qualities to food products.  
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Understanding the organization of starch polymers at the molecular level within the 
granule is a key factor to understanding the behaviour of starch in a food matrix. Relatively 
few studies focused on the differences between non-waxy waxy genotypes, including the 
effect of various treatments as well as interactions of starch polymers with other 
ingredients that might occur in food systems. 
The main objectives of this thesis are to understand the structure and functional 
properties of starch from QAL2000, a commercial Australian soft wheat variety and 
mutant Qa-wx genotypes derived from QAL2000. More specifically, the aims of the thesis 
were as follows: 
1. Compare the chemical, morphological and functional properties of QAL2000 and 
the derived waxy mutants. 
 
2. Study the effects of the addition of lipid on pasting properties of QAL2000 and the 
waxy mutants. 
 
3. Examine variation in in vitro enzymatic digestibility of the  native starches and 
cooked and cooled starches from these genotypes. 
 
4. Characterize and compare the chemical, morphological and functional properties of 
QAL2000 and waxy mutants after alkali treatment. 
 
5. Investigate the effects of the different isolation methods on chemical and functional 
properties of QAL2000 and waxy mutants.  
 
6. Evaluate the effect of different moisture conditions and storage times on the 
chemical and functional properties of QAL2000 and the waxy mutants. 
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 Chapter 2. Materials and methods 
2.1. Materials 
2.1.1. Chemicals and reagents  
Water purified with a Millipore Barnstead NANOpure II Ultrabrand Water 
Purification System (Millipore Corp., Bedford, MA, USA), and with conductivity 
between 0.05 and 0.07 μS⋅cm-1, was used for all solutions. Monopalmitin (C16:0) was 
from MP Biomedicals, LLC. France. Porcine pancreatic α–amylase (EC 3.2.1.1), type VI-
B (Megazyme: 30 U/ml), Amyloglucosidase (EC 3.2.1.3) from Aspergillus niger, 
isoamylase of Pseudomonas amyloderamosa (glycogen 6-glucanohydrolase, EC 3.2.1.68) 
and glucose oxidise peroxidise reagent (GOPOD) were purchased from Megazyme 
International Ireland, Ltd. (County Wicklow, Ireland). 
 
2.1.2. Wheat cultivars  
 Eight wheat (Triticum aestivum L.) genotypes were used in this study. These were 
QAL2000, a commercial soft wheat variety, and seven soft waxy wheat lines, Qa-wx-1, 
Qa-wx-39, Qa-wx-53, Qa-wx-59, Qa-wx-69, Qa-wx-70, Qa-wx-83 (as shown in Fig. 2.1), 
which were obtained from QAL2000 by mutagenesis with ethyl methane sulphonate (Dong 
et al., 2009). The waxy mutants were selected by iodine staining of split grains. The Plant 
Breeding Institute of the University of Sydney (Narrabri, North West of NSW, Australia) 
provided all of these genotypes, as grains that were grown in 2009. The waxy genotypes at 
the DNA level are full waxy, i.e., they have no active waxy/ GBSS genes. They all have 
the following homozygous alleles: the naturally occurring null 4A allele in QAL2000, a 
mutant null allele at the 7A locus, (W301: Stop; i.e., the codon for amino acid 301 
(tryptophan) changes to a stop codon) and a mutant null allele at the 7D locus, W301: 
Stop; i.e., the same mutation as in the homoeologous locus. The waxy lines are sister lines, 
coming from the crossing of two lines with two mutants each (null 4A + each of the other 
genes).  
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Wholemeal wheat flour was obtained from QAL2000 and the waxy lines using a 
laboratory mill (SM3 mill, 881300/1925403, Germany). The flour was sieved through a 
500 µm sieve and stored in sealable plastic bags at 4 ºC. 
 
 
Figure 2-1 The appearance of wheat grains used in this study: A (QAL2000 wheat), B 
(Qa-wx-1), C (Qa-wx-39), D (Qa-wx-53), E (Qa-wx-59), F (Qa-wx-69), G (Qa-wx-70), 
and H (Qa-wx-83). 
 
2.2. Methods  
2.2.1. Moisture content 
Moisture content of wheat starch was determined using AACC-I method 44-15A 
(American Association of Cereal Chemists-International, 2000). Samples of starch (2 g) 
were weighed into pre- weighed aluminium pans, which were heated at 135±1 ºC for 2 
hours. Samples were cooled to room temperature in a desiccator and reweighed. The 
moisture content, was calculated as follows: 
Moisture=A/B× 100 
A = weight after heating- weight before heating, B = original weight of sample. 
B 
 
A C 
 
E 
 
F 
 
G 
 
H 
 
D 
 
 47 
 
 
2.2.2. Isolation of starch-Method 1 
Starch granules were isolated from wheat grain according to the method of 
(Salman et al. 2009) as shown schematically in Fig.  2.2. Using this method the yield of 
starch was about 40 %. 
2.2.3. Isolation of starch-Method 2 
According to this method, sonication was used to isolate the starch from whole 
flour similar to Park et al. (2006) and Fernholz (2008), with some modifications as 
summarised in Fig. 2.3. Using this method the yield of starch was about 50 %. Wholemeal 
flour (7.5 g) was weighed into a centrifuge bottle, and 150 ml of a solution containing 12.5 
mM sodium tetraborate (pH 10), 75 mM of sodium metabisulphite and 50 mM sodium 
dodecyl sulphate was added. The mixture was stirred gently to disperse the flour. The 
bottle was placed on ice water and sonicated for 10 min in a VCF-1500 ultrasonic 
processor (Sonic and Materials, Newtown, CT USA). After sonication, the mixture was 
centrifuged at 3000 g for 10 min. The supernatant was decanted and the precipitate 
resuspended in 50 ml of distilled water and filtered through nylon mesh (62-µm). The 
filtrate was centrifuged at 3000 g for 10 min, and the supernatant and top brownish layer of 
the pellet were discarded. The remainder of the pellet was resuspended in 50 ml of distilled 
water and centrifuged for 10 minutes at 3000 g and the supernatant decanted and the 
process was repeated three times. The pellet was washed with ethanol and the starch dried 
under vacuum in a desiccator. 
 
2.2.4. Amylose content 
Amylose content was determined by iodine binding according to (Chrastil 1978).  
Duplicate starch samples (20 mg) were heated in a water bath in 85 % (v/v) aqueous 
ethanol for 30 min at 60 ºC to remove lipids. The heated samples were centrifuged for 10 
min at 3000 g and the supernatant discarded.  The starch pellets were solubilised by 
adding 2.0 ml of 1.0 M NaOH solution and 4 ml deionised water. The tubes were placed 
in the water bath and heated at 100 ºC for 30 min with mixing. An aliquot 0.1 ml of this 
solution was placed in a separate test tube and 5 ml of 0.5 % trichloroacetic acid (TCA) 
was added with mixing. Iodine solution (2 g potassium iodide and 1.3 g iodine in 100 ml 
water) was added to the samples with mixing.  
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The tubes were placed in the water bath for 30 min at 25 ºC. The absorbance of 
samples was read at 620 nm with H2O as a blank. Amylose content was calculated using 
a standard curve of corn amylose and amylopectin containing from zero to 100 % 
amylose.  
 
2.2.5. Swelling power and solubility 
Swelling power of starch was determined according to the method of Konik-Rose 
et al. (2001) as follows. Duplicate starch samples (40 mg) were weighed into a 2 ml 
microcentrifuge tube and the samples were mixed with 1 ml of deionised water with 
vortexing. The tubes were placed in a water bath for 30 min at 92.5 ºC with inversions for 
20 times over the first minute, then twice at 1.5 min, 2 min, 3 min, 4 min, 5 min, 7.5 min, 
10 min, 15 min, 25 min and 30 min. The samples were placed in a water bath at 20 ºC for 
3 min, with two gentle inversions. The tubes were centrifuged (10 min, 17,000 g), and the 
supernatant was removed carefully by suction and saved for solubility measurement 
according to the methods of Nadiha et al. (2010) with some modifications. The residues 
in the tubes were placed into an oven at 70 ºC with lids opened for 1 hour. The tube (with 
lids closed) was placed in a desiccator for 30 min to reach room temperature. Swelling 
power was calculated as follows: 
Starch swelling power (g/g) = weight of residue (g)/ dry weight of starch (g) 
Solubility was calculated from the dried supernatant as follows: 
Solubility of starch (%) = weight of dried supernatant (g)/ dry weight of starch (g) × 100. 
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Figure 2-2 Schematic diagram of Method 1 for isolation of starch from wheat grains 
according to Salman et al. (2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         Wheat grains (250 g) 
200 
2 
 
          Steeped in 1 L of NH4OH (0.2 M) for 24 hours, at room temperature    
       Wheat grains blended in with NH4OH (1:3) for 30 s   
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2 
 
         Filtered through 250-µm nylon mesh  
 
   Filtrate Residue re-blended with NH4OH (clear filtrate) 
Centrifuge, 5000 g×10 min 
Supernatant   Pellet 
Suspended in water, centrifuge, 5000 g×10 min 
Bottom white layer (Starch) 
Re-suspended in NH4OH (0.2 M), centrifuge, 5000 g×10 min 
Supernatant   Pellet 
    Top layer discarded  Bottom layer (Starch) 
 Starch 
Re-suspended in NH4OH (0.2 M), centrifuge, 5000 g×10 min (3 times) 
Supernatant    Pellet 
Top layer  
Blended in acetic acid (0.2 M), filtered through 250 µm nylon mesh 
Centrifuge, 5000 g×10 min Supernatant   Pellet 
Sequentially washed with water, ethanol, water and acetone then air-dried 
  Starch 
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Figure 2-3 Schematic diagram of Method 2 for isolation of starch from wheat flour 
according to Park et al. (2006) and Fernholz (2008), with some modifications. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     Whole meal flour (7.5 g), 150 ml buffer added 
      Filtered through 62- µm nylon mesh  
 
 Centrifuge, 3000 g×10 min 
  Filtrate  Residue 
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  Filtrate 
 
Residue 
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Starch 
Starch 
    Residue   Filtrate 
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 Sonication for 10 min 
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2.2.6. X-ray diffraction 
X-ray diffraction patterns of starch powder samples were determined using a 
Bruker D8 Focus X-ray diffractometer (Bruker AXS, Germany) as described by Wang et 
al. (2007). All samples were equilibrated to constant moisture at 70 % humidity over 
saturated NaCl2 solution for 1 week before spectra were composed.  The intensity was 
measured from 5º to 30º as a function of 2θ and at a scanning speed of 0.1º/ min and a 
step size of 0.02º (Wang et al. 2011). The X-ray generator was run at 40 kV and 40 mA. 
Relative crystallinity (RC) of the starch samples was calculated according to the method 
of Wang et al. (2007). Traces software V.6.7.13 (GB Scientific Equipment Pty. Ltd) was 
used to calculate the upper diffraction peak area and the total diffraction area over the 
diffraction angle 5 ºto 30 º 2θ º. The upper area ratio for total diffraction was taken as the 
degree of crystallinity of the samples. The equation calculation of the degree of 
crystallinity is as follows: 
Xc = Ac / (Ac + Aa) 
Where: 
Xc refers to the degree of crystallinity; Ac refers to the crystallized area on the X-ray 
diffractgram; Aa refers to the amorphous area on the X-ray diffractogram. 
 
2.2.7. Particle size distribution  
Particle size distribution (PSD) of starch samples was determined using a laser 
light scattering instrument in wet-cell mode (Mastersizer X, Malvern, UK) in the 
laboratories of Allied Mills, Sydney. Duplicate 50 mg starch samples were distributed in 
deionised water and were filtered through a 62-micron filter prior. The starch suspension 
was transferred into the instrument’s dispersion tank to analysis according to instructions 
supplied with the instrument.  
2.2.8. Amylopectin chain length distribution  
Amylopectin chain length distribution was analysed according to the method 
described by (Blazek and Copeland 2008) as follows.  
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Duplicate starch samples (20 mg) were suspended in water (750 µl) in a 2 ml 
microcentrifuge tube, and 2M NaOH (50 µl) was added. 
The starch samples were mixed by vortexing immediately after each addition, and 
heated in boiling water for 5 min, followed by cooling to room temperature. Glacial 
acetic acid (32 µl), sodium acetate solution (100 µl, 1M), deionised water (1 ml) and 10 
U/ml units of isoamylase enzyme from Pseudomonas sp (EC 3.2.1.68, Megazyme 
International Ireland, Ltd) (10 µl) were added to the samples with vortex mixing. The 
samples were digested at 37 ºC for 15 hours and after digestion the enzyme reactions 
were stopped by placing the samples in boiling water for 10 min. The sample solutions 
were filtered through a 0.45 µm nylon filter after removing the insoluble material by 
centrifugation (9,500 g for 5 min).  
The solution was analysed by high performance anion exchange chromatography 
with a pulsed amperometric detection (HPAE PAD) system (Dionex BioLC model 4000 
i, Sunnyvale, CA, USA), according to Bello-Pèrez et al. (1996). A Dionex CarboPac Pal 
column (250 x4 mm) was used at a flow rate of 0.9 mL/min. The eluting solutions were 
100 µM (w/w) sodium hydroxide solutions (Eluent A) mixed with 100 mM NaOH 
containing 600 mM NaOH (Eluent B). The eluents were degassed by a Dionex degas 
module with helium gas according to a Technical Note 20 supplied with the instrument. 
The A: B eluent compositions were changed as follows: 80:20 from 0-10 min, 65: 35 
from 10-25 min, 41:59 from 25-40 min, 23:77 from 40-50 min, and 10:90 from 50-70 
min.  Samples were analysed in duplicate. 
The standards were maltohexaose (MW 990.86) from Sigma-Aldrich, and pullullan 
standards from Showa Denko (Tokyo, Japan). The pullulan standards were Shodex P-82 
(MW: 708 x10ᵌ, 344 x 10ᵌ, 200 x 10ᵌ, 107x 10ᵌ, 47 x10ᵌ, 21 x 10ᵌ, 9.6 x 10ᵌ, and 5.9 x 
10ᵌ), P-3 (MW 2.2 x 10ᵌ).  
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2.2.9. Alkali treatment of starch  
Alkali treated starch was prepared according to Karim et al. (2008), Nadiha et al. 
(2010), and Wang and Copeland (2012) with some modifications, as follows. Duplicate 
starch samples (10 g dry weight) were suspended in 100 ml of 0.1 M NaOH solution 
containing 0.1 % sodium azide as a chemical preservative. The starch was incubated in a 
water bath at 35± 2 ºC for 1, 5, and 15 days with shaking by hand once a day to re-
suspend the starch granules. The alkaline starch suspension was centrifuged at 3000 g for 
13 min and the pellet was washed with distilled water until the pH of the supernatant was 
close to 7, after which it was washed twice with 95 % ethanol and filtered through 
Whatman No. 1 filter paper with suction. The alkali treated starch was dried overnight at 
room temperature. The yield of alkali- treated starch was calculated from the dry weight 
of starch before and after the alkali treatment.   
 
2.2.10.  Differential Scanning Calorimetry  
DSC measurements were performed using a Modulated Differential Scanning 
Calorimeter MDSC 2920 instrument (TA Instruments Inc., Delaware, USA) according to 
the method described by Wang et al. (2012) as follows. Duplicate starch samples (30 mg) 
were weighed directly into an aluminium pan and distilled water (40 µl) was added with a 
microsyringe to obtain a starch: water ratio of 1:2 (w/w). Samples were completely 
absorbed in the water by gentle shaking before the pans were sealed hermetically.  
The pans were heated from 30 to 100 ºC at a rate of 10 ºC/min. The instrument was 
calibrated using indium as a standard. The transition temperatures, namely onset 
temperature (To), peak temperature (Tp), conclusion temperature (Tc), were determined 
from the thermograms by means of the Universal Analysis 2000 software provided with 
the instrument. An empty pan was used as a reference. The calorimetric enthalpy change 
of samples (ΔH) was calculated from the area under the line drawn from the point of start 
temperature to that of conclusion temperature. After finishing the DSC profile, the pans 
were cooled immediately to room temperature 20 ºC and stored at 4 ºC for 7 days and 
rescanned in the DSC instrument for retrogradation studies. Each sample was run in 
duplicate. 
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Alkali treated samples were kept overnight at room temperature before measurement 
of DSC thermograms. 
  
2.2.11. Pasting characteristics 
Pasting characteristics of starch samples were determined using a Rapid Visco 
Analyser RVA-4 (Newport Scientific, Warriewood, Australia) according to Standard 
Method 1 (STD1) provided with the instrument. Viscosity properties were recorded using 
8 % starch (2.5 g was weighed into a test canister and mixed with 25.5 ml of deionised 
water in a total weight of 28 g). Starch samples were heated in the RVA from 50ºC to 
95ºC in 3 min, which was followed by holding to 95ºC for 5 min. The samples were 
cooled at 50 ºC for 4 min and were held at 50 ºC for 7 min. The speed of the mixing 
paddle was 960-rpm for 10 s, then 160 rpm for the remainder of the experiment. Peak 
viscosity (PV), viscosity at trough and final viscosity (FV) were recorded, and breakdown 
(BD, which is PV minus MV) and setback (SB, which is FV minus MV) were measured 
using the Thermocline software provided with the instrument. Each sample was run in 
duplicate. 
Alkali treated starch samples were analysed in the RVA with STD1 according to 
Wang and Copeland (2012), using samples containing 6 % starch (1 .85 g was weighed into  
a test canister and mixed with 26.15 ml of deionised water in a total weight of 28 g). To 
study the effects of lipid on pasting characteristics, monopalmitin (1 % w/w of starch) was 
weighed into a RVA test canister and mixed with starch samples containing 7 % starch, as 
above. The mixture was agitated with the paddle for about few seconds until all the starch 
was dispersed smoothly following the same procedures in the RVA according to the STD1 
method as described by Tang and Copeland (2007). 
 ∆FV was calculated as follows: 
∆FV = ((FVStarch–lipid - FVStarch-only)/ FVStarch-only) × 100. 
The Complexing index (CI) of starch samples was determined according to Tang 
and Copeland (2007).  
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Starch paste (5 g) was weighed immediately after the completion of the RVA 
profile into a 50 ml capped tube and mixed with 25 ml of distilled water at 50 °C. The 
tube was vortex vigorously for 2 min, 0.1 ml of the dispersion was mixed with 15 ml of 
distilled water at 50 °C, followed by addition of 2 ml of an iodine solution (2.0  % KI and 
1.3 % I2). The absorbance at 690 nm was measured. Each sample was run in duplicate. 
Complexing index was calculated as follows:  
CI = ((AbsReference - AbsStarch-lipid)/ AbsReference) × 100. 
             
2.2.12.  In vitro enzymatic digestion 
In vitro enzymatic hydrolysis kinetics were measured following the method of 
Zhang et al. (2006).  Duplicate starch samples (20 mg) were weighed into 50 ml test 
tubes with screw caps and 5 ml buffer added containing enzyme solution freshly prepared 
for each digestion. Porcine pancreatic α–amylase (Megazyme:30 U/ml) (0.1 g) was 
dispersed in buffer (100 ml) by magnetic stirring for 10 min and centrifuged for 10 min at 
30,000 g. The supernatant was transferred to a beaker. Amyloglucosidase (Megazyme: 
0.33 U/ml), (10 ml) was added and the mixture of enzymes was incubated at 37 ºC in a 
shaking water bath at 150 rpm. Aliquots (0.1 ml) of the incubation mixture were taken at 
10, 20, 30 min, 1, 2, 4, 24 hours into a test tube. The enzyme reactions were stopped by 
adding 0.9 ml absolute ethanol and centrifuging the mixture (3000 g for 2 min). Cooked 
and cooled starch was prepared by dispersing native starch (200 mg) in 4 ml deionised 
water and placing in a boiling water bath for 30 min. Retrograded soft gel starch samples 
were prepared by storing heated starch samples at 4 ºC  for 2 and 4 days. These starches 
were subjected to in vitro digestion as described above. Aliquots of cooked and cooled 
samples (0.1 ml) were taken at 20 min, 2, 4 hours; the reaction was stopped by adding 0.9 
ml of absolute ethanol and centrifuging (3000 g for 2 min). Glucose concentration in all 
digested samples was measured using a glucose oxidase peroxidise reagent (3 ml) 
(GOPOD) from a Megazyme kit. Absorbance was read after 20 min at 50 ºC at 510 nm. 
The percentage of starch hydrolysed was calculated by multiplying the glucose content 
by a factor of 0.9.  
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2.2.13.  Starch damage  
Starch damage was measured using a Megazyme assay kit procedure according to 
the AACC method 76-31 (2001), (Megazyme International Ireland Ltd, Bray, Co. 
Wicklow, Ireland). The fungal α-amylase treatment gives near complete solubilisation of 
damaged granules with minimum breakdown of undamaged granules. The reaction was 
stopped by addition of 0.2 % of dilute sulphuric acid, and aliquots were treated with excess 
purified amyloglucosidase to give complete degradation of starch-derived dextrins to 
glucose. The glucose was measured with glucose oxidase/peroxidase reagent mixture  
supplied with the kit. The absorbance was read at 510 nm. Starch damaged was presented 
as a percentage of starch weight on an as is moisture basis (11 %). 
 
2.2.14.  Imaging 
Images of starch samples were acquired with SEM, CLSM and LM in Australian 
Centre for Microscopy and Microanalysis, the University of Sydney. 
 
2.2.14.1. Scanning electron microscopy  
SEM images of starch samples were examined using a FEI Quanta 200 3D 
scanning electron microscope (FEI, Eindhoven, Netherland) and Zeiss Evo scanning 
electron microscope (Carl Zeiss Evo, Germany). Starch samples were mounted on 
circular aluminium stubs with double-sided tape, coated with a thin layer of gold (20 nm) 
for 2 min. The samples were examined under high vacuum at an accelerating voltage of 
20 kV with 5000-fold magnification. 
2.2.14.2. Confocal laser scanning microscopy  
Starch samples (2 mg) were suspended in 1 ml of water and glycerol (50:50). One 
drop of the starch suspension was transferred to glass slide and covered with cover slip. 
The CLSM used in these experiments was a Leica inverted stand equipped with a SP5 
multi-photon confocal system and tunable titanium sapphire laser with pulses of 100-200 
fs duration (Leica, Wetzlar, Germany), was used for detection of the fluorescence signal 
from starch granules. 
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2.2.15. Iodine staining and light microscopy  
           Starch was stained using the following iodine-potassium iodide solutions: 0.2 % I2 
and 0.5 % KI solution, 1 % I2 in 2 % KI solution, 2 % I2 in 5 % KI solution and 20 % I2 in 
50 % KI solution. The solutions were kept in a brown bottle in the dark  prior to use. The 
samples were prepared according to the methods of (Seguchi et al. 2000) and (Patel et al. 
2006) as follows. QAL2000 wheat starch and waxy wheat starches (2 mg) were 
suspended in 1 ml of various concentrations of KI/I2 solutions. One drop of the starch 
suspension was transferred to a glass slide and covered with cover slip. The image was 
taken with objective 40 x magnifications using a transmissive light microscope (Leica 
DM2500M, Leica Microsystems, Germany).  Area (average of granules in image 
captures) measurements of these characteristics were taken by automated image analysis 
software (Leica Application Suite (LAS), V3.8, Leica Microsystems, Germany).  
Stained samples were imaged after washing with water. Samples were prepared 
by suspending the starch (200 mg) in 4 ml of various concentrations of KI/I2 solutions: 
0.2 % I2 in 0.5 % KI solution, 1 % I2 in 2 % solution, 2 % I2 in 5 % KI solution, and gentle 
shaking for several minutes at room temperature. After centrifugation at 3000 g for 10 
min, the pellet was suspended in 8 ml of water and shaken again for several minutes at 
room temperature. After centrifugation at 3000 g for 10 min, the pellet (2 mg) was 
suspended in 1 ml of water. One drop of starch suspension was transfer red to a 
microscopy glass slide and covered with a cover slip. The image was taken under 40-x 
magnification using a transmissive light microscope (Leica DM2500M, Leica 
Microsystems, Germany).  
Apparent areas (average of two image captures of the red-brown central region 
granules after staining with 50 % KI: 20 % I2 of KI/I2 solutions) were measured from the 
image of the granules taken under 40 x magnification using a transmissive light 
microscope (Leica DM2500M, Leica Microsystems, Germany).  The red-brown central 
region as a percentage of the total area was calculated as follows: 
Proportion of red-brown central region = area (µm²) of red-brown central region/area 
(µm²) of the total area × 100. 
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2.2.16. Relative humidity (RH) 
Starch powders (10 g) were equilibrated at three different relative humidity (RH) 
levels: 30 % (saturated MgCl2 solution), 50 % (saturated Mg (NO3)2 solution) and 70 % 
(saturated NaCl solution). The salt solutions were prepared according to Greenspan (1977) 
by adding the indicated salt to the distilled water (40 °C) with stirring until the salt was 
dissolved. The solutions were cooled to room temperature and set for at least 24 hours 
before use. The starch samples were stored in desiccators containing saturated solution of 
the respective salts at room temperature for 1, 3 and 6 months. 
 
2.2.17.  Iodine vapor 
Starches (0.2 g) were spread over plastic pans and kept in a desiccator with 2 g of 
iodine crystals for 24 hours, at room temperature as described by Saibene and Seetharaman 
(2006). The starches equilibrated with iodine vapour starches (2 mg) were suspended in 1 
ml of water: glycerol (50:50). One drop of starch suspension was transferred to a 
microscopy glass slide, covered with cover slip. The image taken under 40 x magnification 
using a transmissive light microscope (Olympus, BX 51 Dp 70, Olympus, Tokyo, Japan). 
 
2.2.18.  Statistical methods 
 All analyses were performed in duplicate on at least duplicate samples. Statistical 
analysis of the data was performed using Statistix 8.1 software (Analytical Software 
Tallahassee, FL, USA) and least significant difference (LSD) of mean values was 
calculated to compare significant difference between pairs of samples at p<0.05. For each 
measurement characteristic, mean and standard deviation were calculated using Microsoft 
Excel software 2010.  
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 Chapter 3. Properties of QAL2000 and Qa-wx wheat starches 
3.1. Introduction  
Amylose and amylopectin are mainly responsible for the physicochemical 
properties of starch, such as swelling power, gelatinisation and pasting behaviour 
(Copeland et al. 2009; Wang and Copeland, 2013), especially when starch is used in food 
industries (Yoo and Jane 2002; Hung et al. 2007). Amylopectin is more soluble in water 
and produces soft gels and weak films, whereas the amylose has a higher tendency to 
retrogradation and produces rigid gels and strong films (Pérez and Bertoft 2010). Waxy 
or low amylose- content starches have a positive effect on food shelf life and are used to 
produce higher quality noodles, frozen or baked foods and to thicken fruit pies. 
Moreover, waxy starch is used to improve the smoothness and creaminess of canned food 
and dairy products, the freeze-thaw stability of frozen foods, texture and appearance of 
dry foods as well as mixed foods (Bhattacharya et al. 2002; Chakraborty et al. 2004). On 
the other hand, the long amylopectin chains (DP 37-60) and amylose produce 
complementary effects on the viscosity of starch pastes. This may be due to the starch 
paste viscosity not increasing with increasing amylose content, as well as the architecture 
of amylopectin molecules preventing aggregation of these very long chains (Blazek and 
Copeland 2008). The high viscosity of waxy genotypes makes these starches very useful 
in many food and industrial applications especially where high thickening power is 
desired. 
The functional properties of starch are of interest to the food industry and for 
human nutrition. Added lipid changes the physicochemical properties of starch due to the 
formation of complexes between amylose and lipids. These changes include reduced 
solubility, decreased swelling capacity and reduced gel flexibility (Tufvesson et al. 
2003), which are useful in the food industry, for example to improve freeze-thaw stability 
and reduce stickiness of starchy food (Copeland et al. 2009). The effect of lipids on 
viscosity of starch pastes has been observed by viscometry using the rapid visco analyser 
(RVA) (Tang and Copeland 2007; Pilli et al. 2011).  
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Amylopectin has higher degree of branching than amylose, but whether outer 
branches may have some interactions with lipids is unclear (Copeland et al. 2009). 
Relatively few studies have been concerned with the absorption of lipid or complex 
formation with waxy starch.  
Waxy wheat starches have a higher gelatinization temperature and greater 
enthalpy change (∆H), consistent with the  higher degree of crystallinity compared with 
normal starch (Kim et al. 2003a; Chakraborty et al. 2004). Waxy wheat starch has lower 
gelatinization temperature compared with waxy corn starch, which makes waxy wheat 
starch useful in microwavable food (Sayaslan et al. 2006).  
This chapter describes studies on the physical properties and lipid interactions of 
starch from QAL2000 and waxy mutants. The objectives were to help understand how 
waxy genotypes might be used effectively to improve the starch properties in food 
applications. Further objectives were to study the interactions between KI/I2 solutions and 
starch granules from QAL2000 and waxy genotypes, to explore structural differences in 
the organization of the respective granules. 
 
3.2. Results 
Physicochemical properties of starch from QAL2000 and the Qa-wx genotypes 
were characterized by studying the amylose content, examining SEM images of granules 
and determining starch particle size distribution. X-ray diffraction measurement was used 
to determine relative crystallinity, and the starch swelling power (SSP), starch solubility 
(SS) and chain length (CL) distribution of amylopectin were determined. The RVA 
pasting curves of QAL2000 and Qa-wx genotypes starches were analysed to obtain the 
values for the pasting properties. The pasting properties of starch with added 1 % 
monopalmitin were also measured by RVA. Thermal properties were determined by 
differential scanning calorimetry.  
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3.2.1. Amylose content  
  As shown in Table 3.1, the amylose content of QAL2000 starch was 27 %, 
whereas all of the Qa-wx genotypes had similar amylose content of 1-2 %.  
 
3.2.2. Wheat grains stained with KI /I2 solution 
Sectioned wheat grains from QAL2000 and the Qa-wx wheat genotypes were 
stained with a solution of 0.2 % KI and 0.04 % I2 as described in Chapter 2. QAL2000 
grains showed a blue-black colour, whereas the Qa-wx grains gave a red-brown colour 
(Fig. 3.1). 
 
 
 
 
 
Figure 3-1: The photographs show the iodine staining of sectioned wheat grains: 
QAL2000 (A) stained a blue colour, and the waxy genotypes, Qa-wx-1 (B), Qa-wx-39 (C), 
Qa-wx-53 (D), Qa-wx-59 (E), Qa-wx-69 (F), Qa-wx-70 (G) and Qa-wx-83 (H) stained a 
red brown colour. 
 
A B C D 
E F G H 
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3.2.3. Scanning electron microscopy of starches 
Scanning electron microscopy (SEM) images (Fig. 3.2) were similar for starch granules 
from QAL2000 and Qa-wx genotypes. SEM images showed the larger A-type granules 
(diameter > 10 μm) with lenticular shape and the smaller B-type granules (diameter <10 
μm), which were round. The surface of most the A-type granules presented indentations, 
which might be due to the impressions from B-type granules and protein bodies.       
 
  
        
 
Figure 3-2The images show the SEM images of wheat starch granules: QAL2000 (A), Qa-
wx-1 (B), Qa-wx-39 (C), Qa-wx-53 (D), Qa-wx-59 (E), Qa-wx-69 (F), Qa-wx-70 (G), Qa-
wx-83 (H). Scale bar 20 µm 
 
3.2.4. Granule size distribution 
Granule size distributions of starch from QAL2000 and the Qa-wx genotypes are 
shown in Fig. 3.3. The QAL2000 starch had a higher value for mean peak diameter than 
that of the starch from the Qa-wx genotypes. As shown in Table 3.1, the proportion of B-
type granules (PB %) in the QAL2000 was 55 %, and 43-48 % in the waxy genotypes. 
 
F 
A B C D 
E H G 
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3.2.5. X-ray diffraction 
 X-ray diffraction patterns and relative crystallinity (RC %) of QAL2000 and 
waxy wheat starches are displayed in Fig. 3.4 and Table 3.1, respectivaly. The Qa-wx 
genotypes showed an A-type XRD pattern similar to the starch from QAL2000, excep t 
for the absence of a small V-type single peak at 20 ° (2θ ) in the diffractogram, attributed 
to the amylose–lipid complex (Fig. 3.3). However, there were significant differences in 
RC % between QAL2000 and waxy lines (Table 3.1). The Qa-wx genotypes had a higher 
RC of 28-31 %, compared to 26 % for QAL2000.  
 
3.2.6. Starch swelling power and solubility 
Table 3.1 shows that the starch swelling power (SSP) of QAL2000 of 15 g/g (g 
H2O absorbed/g dry weight starch) was significantly lower than that of the waxy 
genotypes, which was 19-23 g/g. The starch solubility (SS) of QAL2000 of 28 % was 
significantly higher than that of the waxy genotypes, which was 22-25 %. 
Table 3-1 AM, SSP, SS, RC and proportion of B-particles of starch from QAL2000 and 
waxy genotypes. 
Starches AM SSP SS RC PB % 
QAL2000 27.2±0.1a 15.1±0.9e 28±1.9a 26.0±0.8d 55.1±1.8a 
Qa-wx-1 1.9±0.0b 18.6±0.4d 22±0.2c 28.4±1.8c 47.5±7.9b 
Qa-wx-39 1.2±0.1d 21.7±0.5b 23±0.9bc 30.3±1.3a 43.0±0.1f 
Qa-wx-53 1.0±0.1d 21.1±0.7c 25±2.1b 29.4±1.4b 45.8±1.2d 
Qa-wx-59 2.0±0.1b 22.8±0.6a nd 28.7±0.1b 44.2±1.1f 
Qa-wx-69 2.6±0.1c 21.9±0.4b nd 30.6±1.5a 45.9±0.9d 
Qa-wx-70 2.2±0.5b 20.8±0.6c 24±1.3c 29.7±0.0a 47.3±0.1c 
Qa-wx-83 1.0±0.1d 21.9±0.8b nd 30.7±1.8a 45.4±0.1e 
Values are means ± SD of duplicate determinations. Values with the same letters within a 
column are not significantly different (p< 0.05). Abbreviations: amylose content is AM %, 
starch swelling power (SSP) is in (g H2O absorbed/ g dry weight starch), relative 
crystallinity (RC %), SS is starch solubility (%) and volume proportion of B- particles (PB 
%), nd, not determined. 
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Figure 3-3 Volume distribution of starch granules from QAL2000 and Qa-wx genotypes. 
 65 
 
 
 
 Figure 3-4 X-ray diffraction patterns of starch from QAL2000 and Qa-wx genotypes. The RC value for each starch is shown on the right of 
the curve. Crystallinity % was given on the right- hand side of each sample.
Amylose lipid-complex (V- form) 
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3.2.7. Amylopectin chain length distribution  
The chain length distributions of amylopectin in starch from QAL2000 and the Qa-
wx genotypes were classified into six fractions. These were: very short chains with degree 
of polymerization (DP) < 6, short chains of DP 7-12, medium length chains with DP 13-
21, long chains of DP 22-36, very long chains with DP 37-60 and DP> 60 (Table 3.2). The 
chain length distributions indicated that the waxy lines had higher proportions of DP  14- 
21 (44-47 %), DP 22-36 (31-34 %) and DP 37-60 (4-6 %), but lower proportions of DP > 
60 (1-3 %) than QAL2000. Statistical analysis of the data showed that there were only 
small differences between the Qa-wx genotypes. 
 
3.2.8. Pasting properties 
The RVA profiles of 10 % (w/w) starch- water mixtures from QAL2000 and the 
Qa-wx wheat starches are shown in Fig. 3.6, and the values of pasting parameters are 
summarised in Table 3.3. The pasting properties of the Qa-wx and QAL2000 starches 
were manifestly different. The peak viscosity of the waxy genotypes was higher, ranging 
between 4000-5000 cP, as compared to QAL2000 with about 2000 cP. The peak viscosity 
of Qa-wx genotypes was reached at lower temperature of 65-66°C with a 3 min peak 
time, compared with QAL2000, which reached peak viscosity at 77 °C after 7 min. 
Trough viscosity of the waxy genotypes was between 1800-2000 cP, whereas that of the 
QAL2000 was about 1500 cP. The final viscosities of Qa-wx starches were between 
2000-2500 cP, whereas that for QAL2000 was about 3500  cP. The Qa-wx genotypes also 
displayed lower setback values of 200-400 cP and higher breakdown of about 3000 cP, 
whereas the setback of QAL2000 was 1000 cP and breakdown viscosity was 500 cP. As 
shown in Fig. 3.5, QAL2000 formed firm gels, whereas the gels from the Qa-wx 
genotypes were soft. 
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Table 3-2 Amylopectin chain length distribution of QAL2000 and Qa-wx genotypes. 
 
Samples DP< 6 DP 7-13 DP 14-21 DP 22-36 DP 37-60 DP > 60 
QAL2000 2.5±0.1a 15.8±0.4a 43.5±0.7e 30.6±0.7d 3.4±0.3c 4.3±0.0a 
Qa-wx-1 1.9±0.0b 14.6±0.6b 44.3±1.1d 33.9±1.2ab 4.9±0.9ab 0.7±0.1c 
Qa-wx-39 1.7±0.9b 14.6±0.9b 47.0±1.3a 31.6±0.7cd 3.6±0.5b 1.5±0.7bc 
Qa-wx-53 2.3±0.2b 15.3±0.3b 46.8±0.4ab 31.0±0.7d 3.9±1.0b 0.8±0.5c 
Qa-wx-59 2.0±1.2b 15.0±0.1b 45.2±0.1bcd 31.1±0.2d 3.8±0.3b 2.5±0.7b 
Qa-wx-69 1.9±0.1b 13.7±1.8c 44.6±0.3cd 33.1±1.2abc 5.7±0.8a 1.1±0.6bc 
Qa-wx-70 2.3±0.2b 13.3±0.6c 45.9±0.6absd 32.1±0.7bcd 5.2±0.6ab 1.1±0.3bc 
Qa-wx-83 1.9±0.7b 13.4±0.1c 46.1±0.0abc 34.0±0.0a 4.0±0.8ab 1.0±0.9c 
Values are means ± SD of duplicate determinations. Values with the same letters within a column 
are not significantly different (p< 0.05). 
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Figure 3-5 Image of starch gels: (A) QAL2000 starch gel and (B) a typical waxy starch 
paste, after the RVA protocol. 
 
 
 
3.2.9. Pasting properties of starch with added lipids 
The RVA profiles of 6 % (w/w) starch-water mixtures and of starch with addition of 1 % 
(w/w of starch) monopalmitin (MP) are shown in Fig. 3.7. The 6 % mixtures were used to 
analyse the effect of  addition of  lipid on the RVA profiles due to limited amount of the 
starch. The 6 % mixtures of starches from QAL2000 and the Qa-wx genotypes had 
similarly shaped RVA pasting profiles to those in Fig. 3.6 for 10 % starch gel using the 
STD1 protocol. The values of the corresponding  pasting properties are summarised in 
Table 3.7. These profiles were characterised by peak viscosities of QAL2000 with 370 cP 
and final viscosities 380 cP, whereas the peak viscosity of Qa-wx genotypes in the range 
1120-1500 cP and final viscosity in the range 700-950 cP. Addition of 1 % MP to the 
starches from the Qa-wx genotypes resulted in an increase in the peak viscosity by 10-30 
% and final viscosity by 10-20 %, whereas with the starch from QAL2000 the peak 
viscosity increased by 20 % and final viscosity by 150 %. 
 
A B 
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Figure 3-6 RVA profiles of 8 % (w/w) aqueous mixture of starch from QAL2000 and Qa-wx genotypes. 
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Table 3-3   Pasting properties of starch from QAL2000 and Qa-wx genotypes. 
 
Sample      PV     TV     BV     FV   SV     PT     Pt 
QAL2000 3200±11.7g 1450±2.8g 550±4.1e 3581±2.5a 1031±2.9a 77.3±1.6a 6.9±0.1a 
Qa-wx-1 4750±21.1d 1887±3.4e 2863±2.8b 2236±3.7c 349±3.8c 66.3±2.1b 3.1±0.2b 
Qa-wx39 4555±19.8f 1946±3.7d 2609±2.5cd 2236±2.3c 357±2.5b 65.5±1.6b 3.1±0.1b 
Qa-wx-53 4689±20.8e 1863±3.5f 2678±3.7bcd 2220±2.3c 363±3.5b 65.4±1.3b 3.1±0.1b 
Qa-wx-59 4998±13.8b 1966±2.9c 2533±3.6d 2329±1.7b 222±3.8e 66.3±1.1b 3.1±0.0b 
Qa-wx-69 4753±23.5d 1984±4.4b 2769±3.4bc 2213±3.8c 229±3.8d 65.5±2.0b 3.0±1.1b 
Qa-wx-70 5400±20.7a 2109±3.3a 3291±2.6a 2275±3.7c 166±3.5f 65.2±1.3b 3.0±1.4b 
Qa-wx-83 4820±11.9c 2105±2.7a 2716±3.1bcd 2371±2.9b 348±2.9c 65.5±1.5b 3.1±1.3b 
 
Values were obtained from profiles of 8 % starch-water mixtures as shown in Fig. 3.6 and are means ± SD of duplicate determinations.   
Values with the same letters within a column are not significantly different (p< 0.05).  PV is peak viscosity, TV is trough viscosity, BV 
is break down, FV is final viscosity, SV is setback viscosity, PT is pasting temperature, and Pt is pasting time (min). Viscosities are in 
cP. 
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 Figure 3-7  Effect of adding 1 % MP w/w of starch on RVA profiles of 6 % w/w starch /water mixtures from QAL2000 and Qa-wx 
genotypes. 
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Table 3-4  Effect of adding 1 % (w/w starch) MP on pasting properties of QAL2000 and Qa-wx genotypes. 
 
Starch PV TV BV FV SV PT Pt 
QAL2000 362±14.3h 245±14.2g 135±3.5i 387±22.2g 127±8.1d 76.5±2.8b 5.8±0.0b 
QAL2000+MP 430±17.5g 223±9.4g 190±8.5j 991±28.5bc 768±72.3a 87.0±3.1a 6.0±0.0a 
Qa-wx-53 1492±30.5c 767±15.2de 725±15.5b 882±16.2de 115±1.3c 58.7±2.5b 3.5±0.1g 
Qa-wx-53+ MP 1765±2.5a 1095±23b 670±22.5c 1006±18.5bc -90±6.5g 66.2±0.0b 3.8±0.0e 
Qa-wx-59 1517±17.5c 720±4.4e 797±13.5a 884±8.3de 164±4.2b 59.5±2.4b 3.7±0.0f 
Qa-wx-59+ MP 1615±7.1b 1056±5.5bc 560±1.5d 1072±9.4ab 17±±3.5e 67.8±0.0b 4.9±0.1c 
Qa-wx-69 1156±0.5f 807±5.4d 349±4.5g 945±4.2cd 138±9.0bc 65.0±1.2b 3.8±0.0ef 
Qa-wx-69+ MP 1409±21.2d 1187±24.5a 223±3.5h 1105±38.3a -82±13.5g 66.3±0.0b 5.7±0.0b 
Qa-wx-70 1145±2.1f 716±7.5e 430±9.5f 878±10.1de 163±2.5b 58.1±2.1b 3.5±0.0g 
Qa-wx-70+ MP 1272±30.2e 1061±33.3bc 211±3.3hi 1037±1.5ab -25±34.5f 61.4±4.6b 3.7±0.0f 
Qa-wx-83 1121±19.4f 571±7.5f 551±11.5d 699±4.3f 129±3.5bc 66.6±0.4b 3.5±0.0g 
Qa-wx-83+ MP 1486± 25.3c 1023±25.5c 464±10.7e 838±4.3e -185±3.2h 66.6±0.4b 4.2±0.0d 
Values were obtained from profiles of 6 % starch-water mixtures as shown in Fig. 3.7 and are means ± SD of duplicate determinations. 
Values with the same letters within a column are not significantly different (p< 0.05). PV is peak viscosity, TV is trough viscosity, BV is 
break down, FV is final viscosity, SV is setback viscosity, PT is pasting temperature and Pt is pasting time (min). Viscosities are in cP.
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The increase in final viscosity due to the addition of lipid was caluculated as: 
∆FV = ((FV starch–lipid – FV starch-only)/ FV starch-only) × 100. 
The ∆FV for starch from QAL2000 was 156 %, whereas the starches from Qa-wx 
genotypes had ∆FV that ranged between 14-21 %.  
 
The iodine binding values of the RVA pastes produced when 1% MP (w/w starch) 
was added to QAL2000 and Qa-wx genotypes starches are shown in Table 3.5. 
Absorbance at 690 nm of QAL2000 was decreased by 43 % with addition of 1 % MP, by 
30-35 % for Qa-wx 53, 69 and 70, and  by 7-13 %  for Qa-wx 69 and 83.  
The Complexing Index: 
CI = ((Abs reference – Abs starch-lipid)/ Abs reference) × 100. 
 CI was determined to indicate the ability of iodine to displace MP from the starch. 
A greater CI value indicates that less of the bound lipid is displaced by iodine. As shown in 
Table 3.5,  the CI for QAL2000 starch was 44 %, whereas the CI of starches from Qa-wx 
genotypes ranged between 13-35 %.  
 
Table 3-5  Final viscosities and iodine binding absorbance of starch from QAL2000 and 
Qa-wx genotypes after added 1 % MP. 
Values are means ± SD of duplicate determinations. Values with the same letters within a 
column are not significantly different (p< 0.05). Final viscosity is in cP. (from Table 3.4). 
∆FV and CI are the changes in final viscosity and Complexing Index, respectively. 
 
Starches  A690 nm     FV   ∆FV   CI 
QAL2000 0.21±0a 387±22.2g   
QAL2000+MP 0.12±0ef 991±28.5bc 156±4a 44±0.1a 
Qa-wx-53 0.17±0b 882±16.2de   
Qa-wx-53+ MP 0.11±0ef 1006±18.5bc 14±0b 29±3b 
Qa-wx-59 0.15±0c 884±8.3de   
Qa-wx-59+ MP 0.13±0de 1072±9.4ab 21±2b 29±0b 
Qa-wx-69 0.16±0bc 945±4.2cd   
Qa-wx-69+ MP 0.11±0f 1105±38.3a 17±5b 14±2.8c 
Qa-wx-70 0.16±0bc 878±10.1de   
Qa-wx-70+ MP 0.11±0ef 1037±1.5ab 18±1b 30±2.9b 
Qa-wx-83 0.14±0cd 699±4.3f   
Qa-wx-83+ MP 0.13±0ef 838±4.3e 20±5b 13±1.1c 
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3.2.10.  Thermal properties 
The thermograms of starches from QAL2000 and the Qa-wx lines were different (Fig. 
3.8). As shown in Table 3.6, starch from QAL2000 had lowest To (56 °C), Tp (63 °C), Tc 
(69°C), Tc-To (14 °C ) and ∆H (2 J/gm). In comparison, starch from the Qa-wx lines wheat 
starch exhibited higher To (58-60 °C), Tp (65-66 °C), Tc (73-84°C), Tc-To (14-16 °C ) and 
enthalpy ∆H (4-6 J/gm). The differences in thermal properties between starches from the 
Qa-wx genotypes were small. 
 
3.2.11.  Iodine staining of wheat starch 
Starch from QAL2000 and the Qa-wx genotypes were stained with iodine solution 
and washed with water. The stained samples were observed under the light microscope 
before and after washing with water. After washing with water two stained areas were 
observed in the micrographs: a darker central area and a lighter surrounding ghost- like 
area, as represented in Fig. 3.9. The proportions of the ghost area and of red-brown central 
region were calculated. Starch stained with iodine vapour was also examined.  
 
Figure 3-8 The ghost-like area of starch granules. 
Ghost-like area 
  Dark-staining central region 
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Figure 3-9  DSC thermograms of starch from QAL2000 and Qa-wx genotypes. 
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Table 3-6  Thermal properties of starch from QAL2000 and Qa-wx genotypes. 
Samples      To °C 
      
    Tp °C     Tc °C   Tc-To   ∆H (J/gm) 
QAL2000 55.5±0.1c 62.6±0.1e 69.3±1.3b 13.8±1.2b 2.3±0.1e 
Qa-wx-1 58.5±0.0b 64.9±0.0c 74.0±0.0a 15.5±0.0ab 6.0±0.0a 
Qa-wx-39 59.4±0.0a 65.8±0.0a 73.7±0.8d 15.1±0.8ab 3.2±0.0de 
Qa-wx-53 58.1±0.2b 64.5±0.2d 74.5±0.3a 15.5±0.4ab 4.1±0.3cd 
Qa-wx-59 58.3±0.0b 65.4±0.0b 73.2±0.7a 14.9±0.7ab 4.9±0.8bc 
Qa-wx-69 57.8±0.1b 64.7±0.1cd 74.2±2.0a 16.3±2.1a 5.2±1.0ab 
Qa-wx-70 59.5±0.9a 65.7±0.1ab 73.7±1.0a 14.1±0.1ab 3.5±0.0d 
Qa-wx-83 58.3±0.3b 64.6±0.2d 73.4±0.3a 15.1±0.0ab 5.5±0.1ab 
 
Values from thermograms as shown in Fig. 3.9 and are means ± SD of duplicate determinations. Values with the same letters within a column 
are not significantly different (p< 0.05). To, Tp and Tc are the onset, peak, and conclusion temperatures, respectively. Tc–To is the 
gelatinization temperature range and ∆H is the enthalpy of the endothermic transition. 
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3.2.12.  Staining with KI/I2 solution and microscopic observation of starch granules 
Iodine-stained QAL2000 and Qa-wx genotype samples were observed by light 
microscopy (Fig. 3.10). The QAL2000 appeared with a blue-black colour with up to a 3-
fold increase in the granule area as the concentration of KI/I2 solution increased (Table 
3.7). However, the shape of granule did not change and its appearance remained the same 
even with 50 % KI/ 20 % I2. The Qa-wx genotypes exhibited a red-brown colour and took 
on a ghost- like appearance, with a very greatly increased area on staining with 2 % KI/ 1 
% I2 and 50 % KI/ 20 % I2.  
All stained Qa-wx genotype granules had a red-brown central area surrounded by 
a large, lighter pinkish area indicative of severely disrupted granules. After washing with 
water, the QAL2000 granule did not lose its blue-black colour. However, when the Qa-
wx genotype granules were washed with water, they lost most of the colour in the ghost 
area, and the central region appeared blue-magenta for the three concentrations of KI/I2 
solution that were used in the experiment (Fig. 3. 9). 
 
 As shown in Table 3.7, starch from QAL2000 showed higher proportion of the 
darker central reign with KI/I2 solution, whereas the proportion of the darker central reign 
was only between 6-14 % of the total stained area of starch from the Qa-wx genotypes 
(Fig.  3.10).  
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Table 3-7  Area of stained relative ghost area and central region (%) Of QAL2000 and Qa-wx genotypes. 
 
 
 
 
           
Values are means ± SD determinations from images as shown in Fig. 3.10, by automated image analysis software. Values with the same 
letters within a column are not significantly different (p< 0.05). 
   
        Area (µm²) 
  Samples Unstained     0.5 % KI/ 0.2 % /I2   5 % KI/ 2 % I2     50 % KI/ 20 % I2      Central region % 
QAL2000 435± 16a 525± 16e 908± 24h 1503± 27h 99.6±0.0a 
Qa-wx-1 373±28b 1784±37b 10342±69f 20336± 63f 8.8±0.1c 
Qa-wx-39 194± 24de 1353± 17c 14632± 42c 21047± 27e 6.3±0.0e 
Qa-wx-53 248± 23c 1892± 23a 11812± 15e 24670± 14b 5.7±0.1f 
Qa-wx-59 200±14cde 1364±13c 12591±35d 13640±41g 8.2±0.0d 
Qa-wx-69 395± 23ab 1206± 30d 18308± 15b 21285± 41d 13.9±0.1b 
Qa-wx-70 226± 20cd 1792± 13b 10063± 21g 21981± 26c 6.4±0.1e 
Qa-wx-83 165± 20e 1254± 15d 23352± 20a 35886± 49a 5.7±0.1f 
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Figure 3-10  Effect of staining starch granules with KI/I2 solution: Light micrographs of 
starch granule from QAL2000 and Qa-wx genotypes: Unstained granules (A) and granules 
stained with 0.5 % KI/ 0.2 % I2 (B), 2 % KI/ 1 % I2 (C), and 50 % KI/ 20 % I2 (D). The bar 
indicates 100 µm. 
 
 
        A                       B                         C                      D 
QAL2000                     
Qa-wx-1                     
Qa-wx-39                     
Qa-wx-53                    
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Figure 3.10 (continued). 
 
 
Qa-wx-59                     
Qa-wx-69                   
Qa-wx-70                     
Qa-wx-83                    
        A                       B                         C                      D 
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Figure 3-11 Effect of staining starch granules with KI/I2 solution, followed by washing 
with water: Light micrographs of starch granule from QAL2000 and Qa-wx genotypes: 
Granules stained with 0.5 % KI/ 0.2 % I2 (A), 2 % KI/ 1 % I2 (B), and 50 % KI/ 20 % I2 
(C) after washing with water. The bar indicates 100 µm. 
            A                             B                         C 
QAL2000                     
Qa-wx-1                    
Qa-wx-39                     
Qa-wx-53                     
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Figure 3.11 (continued). 
Qa-wx-59                    
Qa-wx-69                  
Qa-wx-70                    
Qa-wx-83                  
            A                                B                               C 
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3.3.  Discussion 
3.3.1. Physicochemical properties  
The Qa-wx genotypes used in this study had only around 2 % amylose, as 
compared with QAL2000, which had 27 % amylose. Similarly, other studies have found 
the starch from non-waxy wheat grains contain 20-30 % amylose (Gongshe et al. 2010), 
whereas the waxy (amylose-free) starches contained approximately 0-5 % amylose 
(Hoover et al. 2010; Liming et al. 2010). The low amylose content in waxy starches is 
related to the lack of two functional GBSS I proteins (Wx-A and Wx-D), also known as 
the waxy protein, which are the major enzymes for synthesizing amylose in cereal 
endosperm (Sasaki et al. 2002; Yamamori 2009; Chakraborty et al. 2004).  
  The scanning electron micrographs of QAL2000 and the Qa-wx wheat starch 
showed that both type of  starches contained populations of the two distinct A-type and 
B-type granules. There were no clear differences between QAL2000 and the Qa-wx 
genotypes in the morophological  images of the granules. Similar results were reported 
previously by Salman et al. (2009). QAL2000 starch had higher proportion of B granules 
than the Qa-wx genotypes starches.  This observation was in good agreement with the 
results of Zhang et al. (2013), who reported that the waxy wheat starches contained a 
smaller proportion of B-type particles than the non-waxy wheat starches. Amylose 
content, granule size distribution and starch granule morphology are important properties 
that influence food product processing (Dennett et al. 2009; Hansen et al. 2010; Nhan 
and Copeland 2014). However, Ahuja et al. (2013) found that the absence of Wx protein 
increases in B-type starch granules in completely waxy relative to non-waxy starch. 
The X-ray diffractograms of waxy genotypes presented A-type diffraction 
patterns similar to starch from QAL2000. The RC of Qa-wx genotypes was slightly 
higher than that of the QAL2000 starch. This result is attributed to the higher precentage 
of amylopectin and longer average amylopectin chain length in waxy wheat starches, as 
well to the changes in granule organization associated with reduced amylose content 
(Kim and  Denyer 2003a; Chibbar and Chakraborty 2005; Van Hung et al. 2007; Stone 
and Morell 2009). 
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 Non-waxy wheat starch has a higher content of amorphous regions and less 
crystallinity than the waxy starch (Sasaki et al. 2000). The QAL2000 starch showed a 
small peak at 2 θ = 20º, which was the main difference between QAL2000 and Qa-wx 
genotypes in the X-ray diffraction patterns, indicating the presence of amylose- lipid 
complexes in the QAL2000 wheat starch. Similar results were reported previously (Van 
Hung et al. 2007; Chakraborty et al. 2004; Zhang et al. 2013).  
The swelling power value of the Qa-wx genotype starches was significantly higher 
than that of the QAL2000 starch. Swelling behaviour for waxy wheat starches has been 
reported to be related to the proportion of short chains of amylopectin, whereas the 
amylose content was an inhibitor for the swelling of granules in non-waxy wheat starch 
(Blazek and Copeland  2008; Copeland et al. 2009; Omid et al. 2010). The positive 
relationship between the swelling power of amylopectin and short chains is suggested to be 
due to the effect of these chains in destabilizing the lamellar structure (Copeland et al. 
2009). An inverse relationship with long chains was suggested to be due to formation of a 
stronger crystalline network by these chains within the starch granule (Shevkani et al. 
2010; Moore et al. 2005). The QAL2000 wheat starch may include some amylose- lipid 
complexes, which may negatively affect the swelling behaviour (Grant et al. 2001). The 
higher swelling power of waxy wheat starch than the non-waxy starches was in good 
agreement with the results of other studies (Yamamori and Quynh 2000; Park et al. 2001; 
Wickramasinghe et al. 2003; Van Hung 2007).  
The solubility of the QAL2000 starch was significantly higher than that of the Qa-
wx genotypes, which is likely to be due to the low the amylose content in the Qa-wx 
genotypes. According to Sodhi and Singh (2003), rice starches with the low amylose 
content have high swelling power and but low solubility. The differences in swelling 
power and solubility were attributed to the differences in amylose content, viscosity 
patterns, and weaker internal organization resulting from negatively charged phosphate 
groups within the rice starch granules (Wani et al. 2012). There were significant 
differences between QAL2000 and Qa-wx genotypes, but only small differences in 
swelling power and solubility between the Qa-wx genotypes. 
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There were small differences between starch from QAL2000 and the Qa-wx 
genotypes in the proportion of amylopectin chains with DP 14-21, DP 22-36, DP 37-60 
and DP> 60. The DP> 60 fraction of starch from QAL2000 was greater than that of the 
Qa-wx genotypes. The differences in amylopectin chain length distribution between the 
Qa-wx genotypes were small. The differences in amylopectin chain- length distribution 
profiles showed between the QAL2000 and the Qa-wx starches was in good agreement 
with the results of other studies with starches from another breeding wheat starches variety 
(Sasaki et al. 2002; Sandeep et al. 2010). High amylose and waxy starches tended to have 
different chain length distribution profiles to non-waxy starch, but it was unclear whether 
the observed differences were within the range of natural variation among bread wheats 
(Sasaki et al. 2005).  
 
3.3.2. Functional properties 
There were significant differences between starches from QAL2000 and the Qa-wx 
genotypes, but there were only small differences in pasting properties between Qa-wx 
genotypes. The Qa-wx genotype starches had higher peak viscosity, breakdown with lower 
setback and peak time than starch from QAL2000. Starches with amylose content below 
about 30 % generally exhibit decreasing peak and breakdown viscosities, whereas the final 
viscosity increases with increasing amylose content (Blazek and Copeland 2008; 
Shivananda 2010). This could be due to the amylose leading to higher rigidity of swollen 
starch granules. In contrast, presence of amylose results in a decrease in the melting 
temperature of the starch granule by disrupting the crystallinity in the granule structure 
(Yuryev et al. 2004; Chakrabort et al. 2004; Van Hung et al. 2007; Blazek and Copeland 
2008; Singh et al. 2010b; Shivananda 2010). The Qa-wx genotypes had higher breakdown 
tendency reflecting a higher amylopectin content resulting in granules that become more 
fragile on heating.  
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As well, the amylose- lipid complexes in normal starch, but not in waxy starch, may 
restrict granule swelling (Kim et al. 2003a; Chakrabort et al. 2004; Park and Baik 2004; 
Sasaki 2004; Peng et al. 2009).  
Throughout the cooling state the waxy starch granule showed greater resistance to 
retrogradation, which is similar to other studies  (Abdel-Aal et al. 2002; Chakrabort et al. 
2004; Lafiandra et al. 2008; Singh et al. 2010; Zhang et al. 2013). Previous studies have 
suggested that differences between non-waxy and waxy starches in the starch granule 
populations, amylose/ amylopectin ratios, and the chain- length distribution of amylopectin 
influence the pasting properties (Batey 2007; Singh et al. 2008; Copeland et al. 2009; 
Singh et al. 2010; Wang et al. 2011; Zhang et al. 2013).  
 After addition of 1 % MP, the peak and final viscosities of starch from QAL2000 
were increased.  Increase the peak viscosity after adding MP was proposed to  be due to 
less available amylose as a result of starch- lipid complexes (Tang and Copeland 2007; 
Blazek and Copeland 2008). The increased final viscosity of the starch- lipid paste was 
proposed to be due to the increased gel flexibility with a looser molecular network as a 
result of increased spacing between junction zones in the polymer network. Adding lipids 
to starch and the formation of starch- lipid complexes results in more amylose being in the 
single helical form, which hinders amylose forming aggregated structures. Interactions 
between amylose molecules are important for  the formation of extended intermolecular 
networks in starch gels (Tang and Copeland 2007). However, some studies have led to 
suggestions of complexes between lipid and outer amylopectin branches (Eliasson 1994).  
    For the Qa-wx genotypes, the peak and final viscosities were increased after 
addition of 1 % MP, which is in agreement with studies by Salman and Copeland (2010) 
with other waxy wheat starches. Peak viscosity was suggested to be increased due to the 
absorption of the MP on the surface of the waxy starch granule with little effect on FV due 
to the reduced retrogradation tendency of waxy starch (Tang and Copeland 2007; Blazek 
and Copeland 2008).  
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The change in final viscosity due to the addition of lipid (∆FV) showed clearly 
significant differences between the starch pastes from QAL2000 and waxy genotypes, 
which provided a quantitative indication of the extent of starch- lipid complex formation. 
The effect on the CI value after adding MP to the starch had a similar trend to that 
observed for ∆FV. 
The effect of MP on iodine binding capacity of the starch, as measured by the CI, 
showed significant differences between starches from the waxy genotypes and starch from 
QAL2000. The decreased iodine binding values of the corresponding pastes of both 
starches are consistent with the formation of starch- lipid complexes involving amylose 
(Copeland et al. 2009). Hence, the CI increases as the iodine binding capacity of starch-
lipid mixtures decreases (Tang and Copeland 2007; Salman and Copeland 2010). Amylose 
helices occupied by lipid have reduced capacity to bind iodine, and will give a lower 
absorbance than starch alone, whereas the amylopectin is generally considered not to form 
inclusion complexes with lipids (Copeland et al. 2009). 
The waxy starches had lower CI values than QAL2000 starch, indicating that the 
waxy starches did not form as strong starch complexes with MP as did QAL2000, or that 
any lipid that was bound to the starch was readily displaced by iodine. There were some 
significantly differences between some of the mutants (Qa-wx-69 and 83 compared to Qa-
wx-53, 59 and -70), which might indicate differences in their fine structures. It can be 
concluded that there were some interactions between MP and starch from the Qa-wx 
genotypes, but these were much weaker than with QAL2000 starch. 
The Qa-wx genotypes had a significantly higher thermal transition temperatures 
and enthalpy change than QAL2000. These results are attributable to greater amounts of 
starch crystallinities, which are positively correlated with gelatinization temperature. The 
enthalpy change, which is a result of the breakdown of crystallinity and molecular order 
during the gelatinsation process (Chakraborty et al. 2004), depends on a number of factors 
including degree of crystallinity, intermolecular bonding, rate of heating of the starch 
suspension, availaible moisture and the presence of other chemicals (Wang and Copeland 
2013; Zhang et al. 2013).  
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The present results show that the waxy starches require higher energy for crystallite 
melting than the QAL2000 starch, which is in agreement with previous studies on other 
waxy and non-waxy wheat starches (Abdel-Aal et al. 2002; Chakraborty et al. 2004; Grant 
et al. 2004; Van Hung et al. 2007; Hansen et al. 2010; Zhang et al. 2013).  
 
3.3.3. Staining of starch with iodine  
Interactions the starches with iodine highlight of several interesting observations, 
which show the structural differences between QAL2000 and Qa-wx genotypes. In starch 
granules, the linear amylose polymer binds a significantly higher proportion of iodine than 
does the branched amylopectin molecule. After molecular dispersion, the amylose- iodine 
binding ability is commonly used to quantify the amylose content of starches from various 
botanical sources.  
 The present study showed that the Qa-wx genotype granules took on a ghost- like 
form at higher concentrations of the KI/I2 solution. The Qa-wx stained granules were 
composed of two parts. One part was a small black- brown central area, which may 
indicate to the presence of a minor amount of amylose or amylose like material (Seguchi et 
al. 2003). The other part was a large, light pinkish ghost- like surrounding area indicated 
swelling due to the breakdown of the starch granules (Hayashi et al. 2005). At higher 
concentrations of the KI/I2 solution, there were clear differences between the QAL2000 
and waxy genotypes starches. QAL2000 stained starch granules appeared largely 
unchanged in shape even though they were slightly increased in size, whereas the waxy 
granules were extensively disrupted.  
The ghost area diameters (µm2) of waxy starch were more than 10× larger than 
native starch granule. Based on studies with a range of other waxy and non-waxy starches 
from another wheat it was proposed that the amount of amylose content needs to be more 
than 5-6 % to preserve the structure of the starch granule  following iodine staining 
(Seguchi et al. 2000; 2001; 2003; Hayashi et al. 2004; Hayashi et al. 2005).  
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In contrast, there was essentially no ghost-like area for stained QAL2000 starch 
compared to the Qa-wx genotypes, which is attributed to the stained non-waxy starch being 
because of the formation of amylose- iodine complexes, which is a double helix structure 
present in the granule (Saibene and Seetharaman, 2008; Manion et al. 2010; Manion et al. 
2011). The ghost-like area indicative of granule disruption is associated with a lack of 
amylose to reinforce the structure, consistent with the model of Wang et al. (2012), which 
proposes a reinforcing role of amylose in starch granules. The stained QAL2000 starch 
granules retained the same granule shape after staining at high concentrations of the KI/I2 
solution and washing the stained granules with water. 
In contrast, much of the colour was washed out of the stained starch from the waxy 
genotypes and gave a similar pattern than before washing with water although with 
different colours. The outer surrounding area had a slightly pinkish colour and the inner 
central area had a blue-magenta colour, which was only evident in the waxy wheat starches 
and not with the other waxy starches (Seguchi et al. 2001). The waxy genotype starch 
granules were clearly much more fragile than QAL2000 starch. 
 
3.4. Conclusions 
Starch from the Qa-wx genotypes exhibited morphological features that were 
generally similar to those of QAL2000 starch. Starch from QAL2000 contained a higher 
proportion of B-type granules, whereas the starches from Qa-wx mutants had a higher 
swelling power, % relative crystallinity, peak, breakdown viscosities, and thermal 
transition temperatures, but had lower solubility peak viscosity pasting temperature and 
final viscosity. There were only small differences between the waxy varieties in these 
properties. Addition of MP affected starch viscosity by increasing peak viscosity for both 
QAL2000 and waxy starches. Final viscosity was increase only in QAL2000 starch. There 
was a significant difference between the QAL2000 and Qa-wx genotypes after addition of 
1 % MP, which can interact with the starch- lipid-water system to form complexes starch-
lipid, which was interacts more with amylose in starch, but may also have surface 
interaction with amylopectin.  
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Waxy wheat starches were more susceptible to disruption by iodine than QAL2000 
starch, as seen from the greatly increased stained granule area as observed under light 
microscopy. This may be due to the amylose molecules that are intertwined in the 
amylopectin clusters providing a long-range structural reinforcement, which is important to 
the stability of the granules (Wang and Copeland 2012). The iodine staining results showed 
the internal structure of waxy wheat starch granules to be different and more fragile than 
for QAL2000, which is a clear difference between non-waxy and waxy starches. 
The next chapter will describe the digestibility of native, cooked and cooled starch 
from QAL2000 and Qa-wx genotypes. 
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 Chapter 4. Amylolysis of native and cooled starches 
4.1. Introduction                               
Starch is the main digestible carbohydrate component of the human diet, being 
obtained from raw and processed foods. The digestibility of starch is of major nutritional 
interest in relation to the increasing incidence of obesity and diet-related diseases. The 
digestibility can be measured by in vitro or in vivo methods, which are used to estimate the 
effect of composition and structures of starches on rates of digestion (Anderson et al. 
2010). In vivo digestibility methods are intended to reflect a complex physiological 
process, which includes starch breakdown and glucose absorption into and clearance from 
the bloodstream,  and are used to determination the glycemic index (GI) (Wang and 
Copeland 2013). In contrast, in vitro digestibility methods are intended to model digestion 
by measuring the rate of glucose release from starch during digestion and are useful for 
comparison, but do not necessarily reflect physiology.  
Starch and starchy food products can be classified into three different categories 
based on in vitro digestibility: rapidly digested starch (RDS), slowly digested starch (SDS), 
and resistant starch (RS) (Englyst et al. 1992; Zhang and Hamaker 2006; Lehmann and 
Robin 2007; Zhou and Lim 2012; Wang and Copeland 2013). RDS and SDS are the 
fractions of starch that are digested enzymatically in vitro within 20 min, and between 20 
and 120 min, respectively. Resistant starch (RS) is the starch not hydrolysed after 120 min 
of incubation (Englyst et al. 1992). These are measured after incubation of the starch 
samples with porcine pancreatic amylase and amyloglucosidase at 37 °C under 
standardized conditions. This classification is used to estimate the blood glucose- raising 
potential of starchy foods. For example, RDS is useful for evaluating animal feed, whereas 
for the human diet, food with SDS and RS are considered to reduce risk factors for diet-
related diseases. Hence, studies in the food industry are focused on producing starches with 
slow-digesting properties (Wang and Copeland 2013).  
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Starch properties play an important role in the degree of consumer acceptability of 
starchy food (Suwansri and Meullenet 2004). Waxy starch, with low amylose content is 
digested more rapidly than starches with high amylose content (Bettge et al. 2000; Jane 
2007; Singh et al. 2010a), and starch with higher amylose content has more resistant starch 
(Shi and Gao 2011). 
  Most starches in processed foods are heated in the presence of water,  causing them 
to swell and undergo gelatinisation. This disruption of the starch structure increases its 
susceptibility to enzymatic attack. On cooling, glucose polymer chains in the gelatinised 
starch start to reassociate and transform the starch structure from an amorphous to a more 
ordered state, in a process known as retrogradation. Retrogradation influences the texture 
of starchy food and increases resistance to digestive enzymes (Chung et al. 2006). The 
susceptibility to enzymatic  attack of starchy foods such as breakfast flakes and baked 
cereal products can be affected by the amount of remaining raw starch, or starch that was 
not fully gelatinised during cooking. 
This chapter describes studies on the effects of α-amylases and amyloglucosidase 
on starch from QAL2000 and the related waxy genotypes described in Chapter 2. 
 
4.2. Results 
 In-vitro enzymatic digestion by α-amylase and amyloglucosidase was measured 
for native and cooked and cooled starch by time interval observations of glucose release 
using a modified Englyst procedure as described in Chapter 2. Images of enzymically 
digested starches were observed by scanning electron microscopy.   
 
4.2.1. Scanning electronic microscope images 
  Microscopic observations of starch from QAL2000 and Qa-wx genotypes after in-
vitro enzymatic digestion are shown in Fig. 4.1. The granules of QAL2000 after 20 min of 
hydrolysis by α-amylase and amyloglucosidase showed roughened surfaces.  
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In comparison, starch from the Qa-wx genotypes exhibited perforations in many of 
the granules. After 2 hours, the erosion area was greater in Qa-wx genotypes than in 
QAL2000 granules.  
Granules from some of the Qa-wx genotypes (e.g., Qa-wx-39, 53, 70 and 83) 
showed by eye more erosion than those from others lines (e.g., Qa-wx- 1, 59 and 69). The 
pores in the Qa-wx genotypes were significantly greater in number and size than those in 
QAL2000. After 4 hours of hydrolysis, the eroded areas of starches from both QAL2000 
and Qa-wx genotypes had increased in size and depth.  
 
4.2.2. Enzymatic digestion of native starch    
The digestograms of native starch from QAL2000 and Qa-wx genotypes incubated 
with porcine pancreatic α-amylase and amyloglucosidase had similar overall shape but 
there were some clear differences (Fig. 4.2). The digestograms of all Qa-wx genotypes had 
a small plateau in the rate of hydrolysis between 20-30 min of the digestion, which was not 
evident with QAL2000. As shown in Table 4.1, the Qa-wx genotypes were more 
susceptible to enzymatic hydrolysis than QAL2000 starch. After 24 hours of incubation, 56 
% of QAL2000 starch was hydrolysed to glucose, whereas for the Qa-wx genotypes the 
extent of hydrolysis ranged between 74 and 89 %. While there were substantial differences 
between QAL2000 and the Qa-wx genotypes, only small differences were evident between 
the individual Qa-wx samples.  
 
The amounts of RDS and SDS from QAL2000 were lower compared to the starch 
from the Qa-wx genotypes (Table 4.2). On the other hand, the RS value of QAL2000 (77 
%) was greater compared with the Qa-wx genotypes (55-63 %). The amount of RDS in 
native starch from all genotypes (4-9 %) was small compared to SDS (19-36 %) and RS 
(55-77 %). There were small differences in RDS, SDS and RS of between the starches 
from the Qa-wx genotypes.  
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Figure 4-1 SEM images of native starch from QAL2000 and waxy genotypes after 20 min, 
2 and 4 hours digestion by α-amylases and amyloglucosidase. Scale bar, 20 µm. 
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Qa-wx-1 
Qa-wx-39 
  Native                        20 min                          2 hrs                           4 hrs  
Qa-wx-53 
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Figure 4. 1 (continued).
Qa-wx-59 
Qa-wx-69 
Qa-wx-70 
Qa-wx-83 
  Native                        20 min                             2 hrs                           4 hrs  
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Figure 4-2 In vitro digestograms of native starch from QAL2000 and Qa-wx genotypes. 
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Table 4-1  In vitro starch hydrolysis of native starches from QAL2000 and Qa-wx genotypes. 
                 
 
  
 
               Hydrolysis (%) 
   Starches 10 min 20 min 30 min 1 hr 2 hr 4 hr 24 hr 
QAL2000 1.6±0.1f 3.6±0.4b 6.7±0.0g 11.4±0.1d 19.1±0.2d 37.4±1.3c 55.8 ±0.6h 
Qa-wx-1 4.4±0.0d 7.3±0.7a 14.7±0.0d 17.5±0.1bc 29.7±0.5c 41.8±2.1ab 79.7±0.1e 
Qa-wx-39 3.8±0.1e 7.9±0.0a 13.6±0.1e 16.5±0.6c 32.0±0.3bc 42.1±1.8bc 78.5±0.2e 
Qa-wx-53 4.7±0.1cd 8.8±1.3a 14.9±0.0cd 17.3±0.3bc 34.3±0.3ab 45.3±2.1ab 81.7±0.1d 
Qa-wx-59 5.9±0.4a 9.3±1.4a 16.5±0.2a 18.6±1.4ab 36.3±2.3a 43.5±0.4ab 89.1±0.3a 
Qa-wx-69 5.3±0.1b 8.3±1.3a 15.7±0.0b 19.7±0.1a 33.9±1.1abc 44.7±1.3ab 84.5±0.2c 
Qa-wx-70 3.6±0.0e 6.4±2.2ab 12.9±0.0f 16.2±0.3c 35.1±2.5ab 46.5±1.4ab 74.3±0.3g 
Qa-wx-83 4.8±0.1c 8.2±1.4a 15.1±0.1c 18.3±1.6ab 34.6±0.1ab 47.1±1.7a 87.9±0.6b 
Values are means ± SD of duplicate determinations. Values with the same letters within a column are not significantly different 
(P< 0.05). The data are from the digestograms in Fig. 4.2. 
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4.2.3. In vitro digestibility of cooked and cooled starch. 
The in-vitro enzymatic digestibility of starch from QAL2000 and the Qa-wx 
genotypes was measured after the starch had been heated at 95 ºC for 30 min (cooked) and 
cooled at room temperature for 1 hour (Fig. 4.3). The amounts of RDS increased greatly 
after cooking, ranging between 71-72 % for all starches, whereas SDS was 22-23 % and 
the RS of cooked starches was decreased to around 6 % for both QAL2000 and Qa-wx 
genotypes. There were no significant differences between QAL2000 and Qa-wx genotypes 
in digestibility of the cooked starch after 1 hour of cooling.  
 
The in-vitro enzymatic digestibility of cooked starch that had been kept at 4 ºC for 
48 and 96 hours is shown in Table 4. 3. For QAL2000 starch that had been cooled for 48 
hours after cooking, the amount of RDS was decreased from about 70 % to 58 %, and after 
cooling for 96 hours, the amount of RDS was 39 %. The amount of SDS of QAL2000 after 
cooling for 48 hours was 20 %, whereas the amount of RS was increased greatly to 22 % 
and 45 % after cooling for 48 and 96 hours. The amounts of RDS of the Qa-wx-genotypes 
were decreased to 69 % and 37 % after cooling for 48 and 96 hours, respectively. The 
amount of SDS of the Qa-wx genotypes was 17-28 % after cooling for 48 hours and for 96 
hours, whereas the amount of RS did not change after cooling for 48 hours, but was 
increased greatly to 34 % after cooling for 96 hours. A clear difference between QAL2000 
and the waxy genotypes was in the amount of RS after 48 hours of cooling.  
 
When all the results are displayed (Fig. 4.3), starch from QAL2000 and Qa-wx 
genotypes showed lowest amounts of RDS in the native starches, SDS remained relatively 
unchanged for native and cooked and cooled starch after 48 and 96 hours. In contrast, the 
RS value was high for native starch and cooked and cooled starches after 96 hours at 4 ºC.  
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Table 4-2  Enzymatic digestion of cooked and cooled starch from QAL2000 and Qa-wx genotypes. 
 
 
Cooked and Cooled at 4 for ºC 48 hr  Cooked and Cooled at 4 ºC for 96 hr  
Starches RDS (%) SDS (%) RS (%) RDS (%) SDS (%) RS (%) 
QAL2000 58.1±2.4c 20.0±0.9g 21.9±3a 39.3±2.2b 16.1±2.3c 45.1±3.8a 
Qa-wx-1 67.8±0.1b 23.4±0.6f 8.9±0.3b 40.5±1.0b 18.1±1.5abc 41.4±2.1ab 
Qa-wx-39 67.5±2.1b 26.9±0.6b 5.7±1.7c 41.3±0.8b 17.1±1.4bc 41.6±1.8ab 
Qa-wx-53 69.9±2.5a 26.4±0.8d 3.7±1.9c 43.3±0.5ab 19.8±0.2a 36.9±0.3bc 
Qa-wx-59 68.6±0.6a 27.6±0.4a 3.7±0.3c 41.0±0.1b 17.0±1.3bc 42.0±0.8ab 
Qa-wx-69 66.7±1.7b 26.5±0.5b 6.8±2.1b 43.3±2.5ab 19.4±0.0ab 37.3±2.5bc 
Qa-wx-70 69.6±1.2a 24.2±0.2e 6.2±1.4b 47.7±2.2a 19.7±1.1a 32.6±2.9c 
Qa-wx-83 69.8±3.7a 26.7±0.8b 3.5±4.2c 44.7±2.9ab 19.9±0.7a 37.2±3.4bc 
 
     Values are means ± SD of duplicate determinations. Values with the same letters within a column are not significantly different (P< 0.05).  
RDS is starch hydrolysed within 20 min, SDS is starch hydrolysed within 120 min and RS is starch not hydrolysed after 120 min. 
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Figure 4-3  RDS (%), SDS (%) and RS (%) of native, cooked and cooled starch from 
QAL2000 and Qa-wx genotypes at 4 ºC for 48 and 96 hours, (The data are from Tables 4. 
2 and 4.3). 
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There were clear differences between the in-vitro enzymatic digestibility of native, 
cooked and cooked and cooled from QAL2000 and the Qa-wx genotypes. There were only 
small differences between the individual Qa-wx samples. 
 
4.3. Discussion 
As a shown in Fig. 4.1, there were morphological differences between the starch 
from QAL2000 and the Qa- wx genotypes in enzymatic digestion of starch. In the initial 
stage of digestion (20 min), starch from some of the Qa-wx genotypes  (Qa-wx-1, 39 and 
83) showed clearly evident pores on the surface. QAL2000 starch did not show visible 
fissures after 20 min at the magnification used. The  surface of QAL2000 starch granules 
appeared smooth, although indentations were evident on some of the granules. These small 
hollows were increased in number and diameter after further incubation for both types of 
starches. Starch from QAL2000 was less affected than Qa-wx genotypes, with a much 
more limited extent of pitting observed. These results may be related to the QAL2000 
starch having more amylose in amorphous regions of these granules, causing the higher 
resistance to enzyme hydrolysis. Gallant et al. (1997) reported that α-amylase could 
hydrolyse both the amorphous and crystalline regions in starch granules but the enzyme 
attack seems to be initiated in the amorphous region inside the granule, which is more 
accessible to the enzymes (Kim et al. 2008; Blazek and Copeland 2010a,b). In waxy 
granules the enzyme has more ready access to the amorphous regions than the crystalline 
regions. 
The initial rates of enzymatic hydrolysis of native Qa-wx genotypes were more 
rapid than the early stages of native QAL2000 starch. Starch digestibility is affected by the 
surface and internal structure of the granule, including the presence of natural pinholes and 
internal channels, especially in waxy starch, which may lead to higher rate of hydrolysis 
(Li et al. 2004). The discontinuity that occurred between 20 and 30 min of digestion time  
has been noted in other studies of in vitro starch digestibility (Patel et al. 2014; 
Butterworth et al. 2012).  
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Patel et al. (2014) and Butterworth et al. (2012) noted that native starches are 
digested in two separates phases, a more rapid phase, which they designated as attack on 
readily accessible starch, and a slower phase representing less accessible or more stable α-
glucan chains.  
 
The amylose molecules that are interspersed in the amylopectin clusters provide 
long-range structural reinforcement and are important to the stability of the granules 
(Wang and Copeland 2012). The native starch from Qa-wx genotypes with lower amylose 
content than starch from QAL2000 is able to allow better access to the enzymes, which 
leads to the process of digestion being faster than for non-waxy starches, as seen with other 
studies (Gérard et al. 2001; Zhang et al., 2006; Singh et al. 2010; Cai and Shi 2010; 
Copeland and Blazek 2010a, b; Parada and Aguilera 2011). It can be noted that the starch 
from QAL20000 had more RS than native starch from the Qa-wx genotypes, which may be 
as the result of α-glucan chains being tightly packed (Patel et al. 2014).  
 
Typically, there are two important factors that affect the kinetics of enzymatic 
breakdown of starch. The first one is the starch granule molecular structure (Ao et al. 
2007; Dona et al. 2010). The second one is the starch granule hydration, which occurs 
during heating. The rates of starch digestion also depend on the techniques for 
preparation of the starch (Fässler et al. 2006). The cooked starches results from QAL2000 
and Qa-wx genotypes showed greatly increased susceptibility to enzymatic digestion than 
native starches, with no differences between the both types of starches (Table 4.4).  The 
gelatinisation process occurs in different stages (Fig. 4.4), when the starch granules are 
heated with excess water. The starch granules absorb the water, which destroys the starch 
granule structure after breaking the hydrogen bonds in the starch granule. The semi-
crystalline regions of the starch granule are converted to amorphous regions and become 
soft rubbery. The starch granules continue to absorb water and swelling continues. 
Enzymatic attack occurs more easily on the gelatinised starch than native starch 
especially after the crystallinity has been disrupted (Han et al. 2006; Roder et al. 2009; 
Dona et al. 2010; Alsaffar 2010).   
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Heat and pressure in the gelatinisation process makes the starch more susceptible 
to the digestion by enzymes (Chung et al. 2005; Chung et al. 2006; Alsaffar 2011). 
Zhang et al. (2011) reported that there was a disruption of the granular or supramolecular 
structures within the starch granule during cooking.  
The cooked starch showed partially swollen and deformed granules. Greater 
swelling and solubility would result in greater d igestibility, and is also useful for the use 
of starch as a thickening agent. 
 
 
      Figure 4-4  Gelatinisation and retrogradation of starch, A: native starch, B: Gelatinised 
starch, C: Retrograded starch. From Castlejohn (2012). 
 
As shown in the scheme in Fig. 4.4, on cooling both amylose and amylopectin are 
recrystallized to form double helices during retrogradation (Srichuwong et al. 2005; 
Leeman et al. 2006; Okuda et al. 2006; Cai et al. 2010).  
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Recrystallization of amylose molecules occurs rapidly, in minutes to hours, which 
is known as the short-term retrogradation, while amylopectin needs a longer time to 
recrystallize requiring hours to days, and this is known as long-term retrogradation 
(Zhang et al. 2008; Copeland et al. 2009). 
  Starch becomes more resistant to hydrolytic enzymes, which has been attributed 
initially to the fast retrogradation of amylose molecules (Faraj et al. 2004; Kim et al. 
2006; Htoon et al. 2009; Alsaffar 2011). Subsequently, the decrease in starch digestibility 
is due to the slower rate of amylopectin retrogradation (Tas 2004; Wang and Copeland 
2013). Retrogradation is affected by storage time (Shi and Gao, 2011), and temperature 
(Farhat et al. 2000). The rate of retrogradation starch is increased when it is stored at 
lower temperature (Blazek and Copeland 2010b). Therefore, the different of changes that 
occurred for gelatinised starch when it is cooled and stored (Matalanis et al. 2009) are 
due to the molecules becoming reordered (Miao et al. 2009; Alsaffar 2011). 
In the cooled state after cooling, starches from QAL2000 and the Qa-wx 
genotypes showed clear differences in the RDS, SDS and RS after 48 hours (Table 4.3). 
There was decrease in the digestibility of both types of starches, but the decrease in 
digestibility occurred more gradually for the waxy starches.  After cooling for 96 hours 
digestibility of the cooled starches from QAL2000 and Qa-wx genotypes showed little 
difference  in amount of RDS, SDS and RS (Table 4.3). These results are consistent with 
the slower rate of amylopectin retrogradation in waxy starch during the longer storage 
time (96 hours), which is in agreement with (Zhang et al. 2013). Park et al. (2009) 
reported that retrograded amylopectin in waxy corn starch gels stored at low temperatures 
reduced GI and induced an increased amount of RS.   
Table 4.3 gives a summary of mean values of RDS, SDS and RS of native, cooked 
and cooled starches from the Qa-wx genotypes (the mean value is from the seven 
genotypes) compared to QAL2000 starch.  
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Table 4-3  Mean values for enzymatic digestion starch from QAL2000 and Qa-wx 
genotypes. 
 
Samples RDS  SDS  RS  
Native 
   QAL2000 4 19 77 
Qa-wx genotypes (mean) 9 34 63 
Cooked 
   QAL2000 72 22 6 
Qa-wx genotypes (mean) 73 23 5 
Cooked and cooled (48 hr) 
   QAL2000 58 20 22 
Qa-wx genotypes (mean) 69 26 6 
Cooked and cooled (96 hr) 
   QAL2000 39 16 45 
Qa-wx genotypes (mean) 43 19 42 
 
RDS is starch hydrolysed within 20 min, SDS is starch hydrolysed within 120 min and RS 
is starch not hydrolysed after 120 min. The data are from Table 4.2. 
 
4.4. Conclusions:  
The result presented in this chapter indicated that the native starch from Qa-wx 
genotypes was more susceptible to attack by amylases than the native starch from 
QAL2000. There were clear differences between the RDS, SDS and RS fractions of 
starch from QAL2000 and the Qa-wx genotypes. The freshly cooked starches had high 
rates of digestion, as seen from the high amounts of RDS and low amounts of RS. There 
were no differences in this regard between starches from QAL2000 and the Qa-wx 
genotypes. After cooling for 48 and 96 hours, there were clear differences in the rate of 
formation of RS due to the role of amylose in retrogradation.  
The next chapter will present studies on the effect of different conditioning of QAL2000 
and the Qa-wx genotypes at different relative humidity on starch properties.        
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 Chapter 5. Effect of moisture content on physicochemical and functional 
properties of starch from QAL2000 and Qa-wx genotypes 
5.1. Introduction 
One of the most common problems relating to the physical properties of food, 
especially during processing and storage, is water transfer leading to changes in the 
moisture distribution inside the food or moisture transfer between the food and the 
surrounding environment. Moisture transmission is an important physical parameter that is 
useful for determining the moisture diffusion content of food during processing and storage 
(Yu et al. 2008). Food powders suffer from this problem (Teunou 1999). Starch usually 
contains 6-16 % (w/w) moisture, which varies depending on the process used to dry the 
starch. Moisture content below 13 % is suitable for safe storage compared with the higher 
levels of moisture, which lead to microbial growth and loss of quality (Moorthy 2002). 
 Different methods are used to study the effect of the water content in food (Chemkhi 
and Zagrouba 2005; Yu et al. 2008). Water activity (aw) is the primary parameter used to 
characterise the energy status of the water in system for food stability, modulating 
microbial activity and determining the type of microorganisms that may be encountered in 
food. In addition, the water activity provides information about chemical and physical 
stability of food. It is equal to the relative humidity of the air in equilibrium with the 
material in a sealed chamber. Together, the water activity and moisture content provide 
comprehensive measurements of the moisture status (Jorge et al. 2006). Normally starch 
granules absorb water at room temperature (Bogracheva et al. 2001). This absorption is 
reversible and increases with equilibration of samples to higher relative humidity values 
using different saturated salt solutions.  
The aim of the experiments described in this chapter is to investigate the effect of 
equilibration at different moisture content on starch properties.  
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5.2. Results 
Starch from QAL2000 and four Qa-wx genotypes (Qa-wx-1, Qa-wx-39, Qa-wx-
53 and Qa-wx-70) were used in this study. Moisture content after the starches were 
conditioned for 1, 3 and 6 months at different relative humidities (30 %, 50 % and 70 %) 
were determined and swelling power, solubility and relative crystallinity of the starch 
measured. Pasting properties were measured by the Rapid Visco Analyser, and starch 
staining with iodine vapour was investigated.  
 
5.2.1. Moisture content  
As shown in Table 5.1, the moisture content of starch from QAL2000 and the Qa-
wx genotypes differed depending on the relative humidity and storage times. Starch 
granules of both QAL2000 and Qa-wx genotypes lost moisture at 30 % RH, remained 
roughly the same at 50 % RH and absorbed water at 70 % RH after 1, 3 and 6 months. The 
moisture content of the starches stored at 30 % RH was reduced from 11 % in native starch 
to between 1-5 %. The moisture content increased to 12-16 % after storage at 70 % RH. 
 
5.2.2. Swelling power and solubility  
As shown in Table 5.2, the swelling power of starch from QAL2000 was decreased 
from 15 g H2O/ g starch dry weight for native starch to 10-13 g H2O/ g starch dry weight 
after 1, 3 and 6 months, respectively at 30 % RH. The SSP of the Qa-wx genotypes was 
decreased from 19-22 g H2O/ g starch dry weight (native starch) to 14-20 g H2O/ g starch 
dry weight at 30 % RH after 1, 3 and 6 months. The SSP value of QAL2000 did not 
change on storage at 50 and 70 % RH, whereas the SSP value of the Qa-wx starches 
increased from 19 % to between 22-29 % during conditioning at 50 % and 70 % RH, 
(Table 5.2).   
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Table 5-1  Moisture content of starch from QAL2000 and Qa-wx genotypes stored at different RH for 1, 3 and 6 months. 
Starch  QAL2000  Qa-wx-1  Qa-wx-39  Qa-wx-53  Qa-wx-70 
RH % / Months  Moisture  Moisture  Moisture  Moisture  Moisture 
        Native  11.0± 0.1  11.0± 0.1  10.0± 0.0  11.0±0.1  11.0±0.1 
         1  5.0± 0.0  5.0± 0.0  5.0± 0.0  5.0± 0.0  5.0± 0.0 
30 %         3  1.0± 0.0  1.0± 0.0  1.0± 0.0  1.0± 0.0  1.0± 0.0 
         6  1.0± 0.0  1.0± 0.0  1.0± 0.0  1.0± 0.0  1.0± 0.0 
         1  12.0± 0.0  12.0± 0.0  12.0± 0.0  12.0± 0.0  12.0± 0.0 
50 %         3  11.0± 0.0  11.0± 0.0  11.0± 0.0  11.0± 0.0  11.0± 0.0 
         6  12.0± 0.0  12.0± 0.0  12.0± 0.0  12.0± 0.0  12.0± 0.0 
         1  15.0± 0.0  15.0± 0.0  15.0± 0.0  15.0± 0.0  15.0± 0.0 
70 %         3  13.0± 0.0  13.0± 0.0  13.0± 0.0  13.0± 0.0  13.0± 0.0 
         6  16.0± 0.0a  16.0± 0.0a  16.0± 0.0a  16±.0 0.0a  16.0± 0.0a 
 
 Values are means ± SD of duplicate determinations. At 30 % RH (saturated MgCl2), 50 % RH (saturated Mg (NO3)2) and 70 % RH 
(Saturated NaCl).
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SS values of QAL2000 were unchanged after 1 month at 30 %, but the values 
decreased significantly after 3 and 6 months. Solubility of starch from the Qa-wx 
genotypes did not change greatly after 1-month equilibration at all % RH, but SS values of 
both QAL2000 and Qa-wx genotypes were significantly decreased by 40-50 % after 3 and 
6 months at 30 %,  50 % and 70 % RH, (Table 5.2). 
 
5.2.3. Relative crystallinity 
  After 3 and 6 months of equilibration at 30 % RH, the RC of starch from QAL2000 
was decreased from 22 % to 19 and 18 %, respectively (Table 5.2). The RC of starch   
from the Qa-wx genotypes was decreased from 28 % to 22-24 % after 1, 3 and 6 months at 
30 % RH. In contrast, the RC of starches from QAL2000 and Qa-wx genotypes remained 
essentially the same during conditioning at 50 % RH, and increased slightly after 
conditioning at 70 % RH, (Table 5.2 and Fig. 5.2). No changes were evident in the overall 
form of the X-ray diffractograms (Fig. 5.1 a-c). 
Table 5-2  SSP, SS and RC of starch from QAL2000 and Qa-wx genotypes at different RH 
and Storage times. 
 
Starch 
 
          QAL2000 
 RH %   Month    SSP (g/g)   SS (%)   RC (%) 
 
 Native  15±1.3d 28±1.9a 26±0.7d 
 
 1  13 ±0.1f 27 ±0.6ab 22 ±1.9e 
30 %  3  10 ±0.5h 21 ±0.0d 19 ±2.5f 
 
 6  11 ±0.0g 22±0.9c 18 ±1.3g 
 
 1  15 ±0.6d 26 ±0.1b 28 ±1.0b 
50 %  3  14 ±0.0e 15 ±1.4g 26 ±0.9d 
 
 6  15 ±0.0d 17 ±1.9e 27 ±0.8c 
 
 1  17 ±0.3b 22 ±2.5c 31 ±2.0a 
70 %  3  16 ±0.4c 13 ±2.7h 28 ±2.1bc 
 
 6  19 ±0.6a 16 ±0.9f 32 ±0.8a 
 Values are means ± SD of duplicate determinations. Values with the same letters within a 
column are not significantly different (p< 0.05). Swelling Power (SSP) is in g H2O/ g 
starch dry weight, starch solubility (SS) and Relative Crystallinity (RC) are as %. 
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  Starch 
  
Qa-wx-1 
 
 
 
Qa-wx-39 
 RH % Month SSP (g/g) SS (%) RC (%)  SSP (g/g) SS (%) RC (%) 
 
Native 19±0f 26±1.3a 28±1.8f  22±1.1e 27±1.1a 30±1.3e 
 
1 16 ±0.1g 25 ±0.2b 26 ±1.6g  20 ±1.2f 26 ±0.9b 27 ±0.2g 
30 % 3 14 ±1.4i 13 ±1.4e 22 ±2.3i  15 ±2.0g 11 ±0.0d 23 ±2.6i 
 
6 15 ±0.1h 13 ±0.6e 23 ±3.0h  17 ±2.4h 13 ±1.5c 25 ±0.4h 
 
1 22 ±0.3d 23 ±0.3c 30 ±1.4d  23 ±0.4d 25 ±0.9ab 31 ±1.1d 
50 % 3 20 ±1.4e 11 ±2.4ef 29 ±2.4e  22 ±2.8e 10 ±2.8e 29 ±0.7f 
 
6 23 ±1.3c 9 ±0.6h 30 ±1.7de  24 ±0.1d 11 ±2.4cd 30 ±1.1e 
 
1 27 ±1.2 b 20 ±0.0d 33 ±1.1b  26±0.9c 20 ±0.3c 33 ±1.4b 
70 % 3 22 ±1.4d 10 ±0.0g 32 ±2.1c  25 ±2.8b 10 ±2.5e 32 ±1.3c 
 
6 29 ± 0.6a 7 ±2.0i 35 ±0.9a  29 ±0.9a 8 ±1.1f 35 ±1.6a 
Starch 
  
Qa-wx-53 
 
 
 
Qa-wx-70 
 RH % Month SSP (g/g) SS (%) RC (%)  SSP (g/g) SS (%) RC (%) 
 
Native 21±1.1f 26±2.1a 29±1.4d  21±1.3e 26±1.6a 30±0.0d 
 
1 18 ±1.2g 23±1.0c 26 ±1.6f  18 ±2.5f 24 ±1.3b 27 ±0.3f 
30 % 3 14 ±0.1i 13 ±1.4e 24 ±2.5g  15 ±0.3h 13 ±1.4e 24 ±0.0g 
 
6 15 ±1.6h 11 ±0.3f 24 ±0.9g  16 ±0.4g 10 ±1.0g 24 ±1.3g 
 
1 24 ±0.6d 24 ±1.1b 30 ±2.0c  23 ±0.1d 23 ±0.7c 31 ±1.3c 
50 % 3 22 ±0.0e 11 ±0.4f 27 ±0.6e  21 ±2.8e 12 ±1.9f 28 ±0.7e 
 
6 25 ±2.2c 10 ±1.0g 29 ±1.3d  25 ±0.1c 13±0.9e 30 ±2.5c 
 
1 27 ±2.2b 20 ±2.9d 34 ±0.3b  26 ±1.8b 21 ±0.5d 34 ±2.0b 
70 % 3 25 ±0.0c 10 ±0.4g 30 ±1.8c  25 ±2.8c 9 ±1.3h 32 ±1.7c 
 
6 29 ±1.1a 6 ±1.0h 35 ±0.4a  28 ±0.3a 9 ±1.1h 36 ±1.0a 
Table 5-2 (continued). 
  
111 
 
 
 
                Figure 5-1a X-ray diffraction patterns of starch from QAL2000 and Qa-wx genotypes (native and equilibrated at 30 %, 50 % 
and 70 % RH, for 1 month). Crystallinity % was given on the right hand side of each pattern. 
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Figure 5-1b (native and equilibrated at 30 %, 50 % and 70 % RH, for 3 months). 
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Figure 5-1c (native and equilibrated at 30 %, 50 % and 70 % RH, for 6 months).
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5.2.4. Pasting properties 
The RVA profiles of 6 % (w/w) starch- water mixtures are shown in Fig. 5.3, and 
the values of the corresponding pasting properties are summarised in Table 5.3. The native 
starch from QAL2000 had lower peak (452 cP), final (498 cP) and breakdown (150 cP) 
viscosities than the corresponding values of the Qa-wx genotypes of 1200-1700 cP, 800-
900 cP and 400-900 cP, respectively; Table 5.3a-c.  
After 1 month conditioning at 30 % the peak, final and breakdown viscosities of 
starch from QAL2000 and the Qa-wx genotypes were decreased slightly compared to the 
respective native starches. In contrast, after 1 month at 50 % and 70 % RH, the peak, final 
and breakdown viscosities of starch from QAL2000 and the Qa-wx genotypes were 
increased significantly compared with native starches (Table 5.4a). 
After 3 months at 30 % RH, the peak, final and breakdown viscosities of starch 
from both QAL2000 and the Qa-wx genotypes were decreased greatly compared to native 
starches.  After 3 months at 50 % and 70 %RH, the peak, final and breakdown viscosities 
of starch from QAL2000 were decreased greatly, whereas the Qa-wx genotypes showed 
relatively little change for those properties after 3 months at 50 % and 70 % RH, compared 
to the native starches (Table 5.4b)  
After 6 months at 30 % RH, the peak viscosity, final breakdown viscosity values 
for QAL2000 had collapsed, and those for Qa-wx genotypes had greatly decreased 
compared with native starches. At 50 % and 70 % RH, the peak viscosity, final breakdown 
viscosities of starch from QAL2000 and the Qa-wx genotypes were decreased compared to 
those of the native starches. There was little or no change in pasting temperature and time 
of both QAL2000 and Qa-wx genotypes of in all the moisture conditions.  
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Figure 5-2a RVA pasting profiles of starch from QAL2000 and Qa-wx genotypes (native and after equilibration at 30, 50 and 70 % 
RH, for 1 month). 
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Figure 5-2b (native and after equilibration at 30, 50 and 70 % RH, for 3 months). 
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Figure 5-2c (native and after equilibration at 30, 50 and 70 % RH, for 6 months). 
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Table 5-3a Pasting properties of 6 % gel of native starch from QAL2000 and Qa-wx genotypes and after equilibration at different RH, for 1 month. 
Samples RH PV TV BV FV SV PT Pt  
QAL2000 Native 452±22h 302±18d 150±11e 498±34e 196±9a 95±0a 6±0a 
Qa-wx-1 
 
1696±7a 753±9b 943±15a 872±5bc 119±9b 68±0b 4±0b 
Qa-wx-39 
 
1155±10f 689±22c 766±24d 807±22d 118±7b 67±0b 4±0b 
Qa-wx-53 
 
1602±4b 733±5bc 869±1b 862±4cd 129±3b 67±0b 4±0b 
Qa-wx-70 
 
1275±9d 828±17a 747±33d 936±15a 108±10b 66±0d 4±0b 
         QAL2000 30 % 396±15e 264±20c 131±22c 436±33c 172±27a 95±2a 6±0a 
Qa-wx-1 
 
1484±17a 659±13b 825±13a 763±24b 104±16a 68±1b 4±0b 
Qa-wx-39 
 
1011±20d 603±22b 758±9b 706±22b 103±20a 67±2b 4±0b 
Qa-wx-53 
 
1402±31b 641±34b 760±36a 754±38ab 113±21a 67±1b 4±0b 
Qa-wx-70 
 
1116±24c 725±13a 791±23b 819±23a 108±31a 66±3b 4±1b 
         QAL2000 50 % 542±20e 362±15c 180±33c 598±25d 235±13a 93±2a 6±0a 
Qa-wx-1 
 
2035±21a 904±28b 1032±31a 1046±20b 143±33b 66±1b 5±0a 
Qa-wx-39 
 
1386±19d 827±23b 979±22b 968±16c 142±11b 65±3b 4±1a 
Qa-wx-53 
 
1922±21b 880±13b 1043±11a 1034±21b 155±23b 65±1b 5±0a 
Qa-wx-70 
 
1530±11c 994±27c 1005±26b 1123±11a 130±19b 64±4b 5±0a 
         QAL2000 70 % 678±13e 453±23d 225±30d 747±55c 294±23a 96±1a 6±0a 
Qa-wx-1 
 
2544±24a 1130±23b 1215±33a 1308±31b 179±20b 69±2b 5±0a 
Qa-wx-39 
 
1733±54d 1034±23c 1104±11c 1211±20b 177±31b 68±0b 6±0a 
Qa-wx-53 
 
2403±20b 1100±15bc 1324±17b 1293±23b 194±29b 68±2b 6±1a 
Qa-wx-70 
 
1913±45c 1242±13a 1451±20c 1404±21a 162±30b 67±2b 6±1a 
Values are means ± SD of duplicate determinations. Values with the same letters within a column are not significantly different (p< 0.05).  PV is 
peak viscosity, TV is trough viscosity, BV is break down, FV is final viscosity, SV is setback viscosity, PT is pasting temperature and Pt is pasting 
time. 
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Table 5-3b Pasting properties of 6 % gel of native starch from QAL2000 and Qa-wx genotypes and after equilibration at different RH for 3 months.
Values are means ± SD of duplicate determinations. Values with the same letters within a column are not significantly different (p< 0.05).  PV is 
peak viscosity, TV is trough viscosity, BV is break down, FV is final viscosity, SV is setback viscosity, PT is pasting temperature and Pt is pasting 
time. 
Samples RH PV TV BV FV SV PT Pt  
QAL2000 Native 452±22h 302±18d 150±11e 498±34e 196±9a 95±0a 6±0a 
Qa-wx-1 
 
1696±7a 753±9b 943±15a 872±5bc 119±9b 68±0b 4±0b 
Qa-wx-39 
 
1155±10f 689±22c 766±24d 807±22d 118±7b 67±0b 4±0b 
Qa-wx-53 
 
1602±4b 733±5bc 869±1b 862±4cd 129±3b 67±0b 4±0b 
Qa-wx-70 
 
1275±9d 828±17a 747±33d 936±15a 108±10b 66±0d 4±0b 
         QAL2000 30 % 136±13c 89±9c 67±31c 126±16d 112±12c 95±1a 5±0a 
Qa-wx-1 
 
1125±9b 932±25b 808±32b 827±21b 886±1b 64±0c 5±0a 
Qa-wx-39 
 
1105±5b 922±36b 618±49b 847±9c 876±11b 66±1b 4±0b 
Qa-wx-53 
 
1280±15a 1148±9a 725±31a 812±4a 1010±1a 66±1b 4±0b 
Qa-wx-70 
 
1066±51b 913±17b 748±2b 876±17b 874±7b 66±0b 4±0b 
         QAL2000 50 % 362±3d 270±10d 237±3c 388±21c 361±16c 95±1a 6±1a 
Qa-wx-1 
 
1699±11a 1298±9a 905±7a 997±31a 1170±30a 65±0b 4±0b 
Qa-wx-39 
 
1132±13c 982±16c 738±31b 887±7b 939±39b 65±1b 4±0b 
Qa-wx-53 
 
1296±7b 1024±19bc 825±38b 921±35b 1126±25b 65±0b 4±0b 
Qa-wx-70 
 
1286±28b 1060±20b 886±3b 946±22ab 932±35b 66±0b 4±0b 
         QAL2000 70 % 318±20c 282±2d 249±20d 354±9c 294±46b 94±1a 6±0a 
Qa-wx-1 
 
1306±8a 937±39a 919±18b 797±9b 778±22a 67±1b 4±0b 
Qa-wx-39 
 
1041±21b 852±14b 760±30bc 767±10b 742±27a 67±0b 4±0b 
Qa-wx-53 
 
1286±32a 959±38a 858±8a 846±19a 821±13a 66±1b 4±0b 
Qa-wx-70 
 
1016±10b 786±12c 941±13c 754±11b 721±44a 67±1b 4±0b 
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Table 5-3c Pasting properties of 6 % gel of native starch from QAL2000 and Qa-wx genotypes and after equilibration at different RH for 6 months. 
Values are means ± SD of duplicate determinations. Values with the same letters within a column are not significantly different (p< 0.05). PV is 
Peak viscosity, TV is trough viscosity, BV is break down, FV is  Final viscosity, SV is a setback, PT is pasting temperature and Pt is pasting time.
Samples RH PV TV BV FV SV PT Pt  
QAL2000 Native 452±22h 302±18d 150±11e 498±34e 196±9a 95±0a 6±0a 
Qa-wx-1 
 
1696±7a 753±9b 943±15a 872±5bc 119±9b 68±0b 4±0b 
Qa-wx-39 
 
1155±10f 689±22c 766±24d 807±22d 118±7b 67±0b 4±0b 
Qa-wx-53 
 
1602±4b 733±5bc 869±1b 862±4cd 129±3b 67±0b 4±0b 
Qa-wx-70 
 
1275±9d 828±17a 747±33d 936±15a 108±10b 66±0d 4±0b 
         QAL2000 30 % 65±21c 42±5c 70±2e 68±4d 72±14d 94±2a 6±0a 
Qa-wx-1 
 
121±4b 108±12b 129±3d 177±27c 155±59c 66±0c 5±1b 
Qa-wx-39 
 
616±40a 493±51a 574±35a 738±36a 671±44a 67±1c 4±0b 
Qa-wx-53 
 
512±49a 478±25a 497±1b 467±54b 558±56a 67±1c 4±0b 
Qa-wx-70 
 
291±51b 283±45b 316±8c 412±55b 366±55b 71±2b 4±0b 
         QAL2000 50 % 390±19d 251±16c 252±11c 441±24d 373±28c 93±1a 6±0a 
Qa-wx-1 
 
1638±2a 911±21a 927±15a 981±18a 973±14a 66±1b 4±0b 
Qa-wx-39 
 
1151±31c 716±15b 720±19b 870±12b 837±23b 66±2b 4±0b 
Qa-wx-53 
 
1293±8b 686±15b 697±14b 800±12b 780±13b 66±1b 4±0b 
Qa-wx-70 
 
1194±7c 725±10b 731±14b 856±8b 820±21b 66±1b 4±0b 
         QAL2000 70 % 321±33c 235±14c 213±19b 161±60b 329±31b 95±2a 6±0a 
Qa-wx-1 
 
1207±23a 709±12a 661±40a 366±39a 753±36a 67±1b 4±0b 
Qa-wx-39 
 
1121±10b 608±15b 568±15a 664±50b 749±15a 67±2b 4±0b 
Qa-wx-53 
 
1163±15b 715±28a 675±25a 568±30a 762±21a 65±0b 4±0b 
Qa-wx-70 
 
1101±25b 715±32a 668±44a 466±37a 755±14a 67±1b 4±0b 
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5.2.5. Staining with iodine vapour and microscopic observation of starch granules. 
 Photographs of starch from the QAL2000 and Qa-wx genotypes that were exposed 
to iodine vapour for 24 hours at room temperature are shown in Fig. 5.3, and the 
observations summarised in Table 5.5. After exposure to iodine vapour for 24 hours 
following conditioning at 30 %, 50 % and 70 % RH at room temperature for 1 month, the 
colour intensity of both QAL2000 and Qa-wx genotypes starches increased with increase 
in moisture content of the starch. QAL2000 showed significant differences in colour 
compared with starch from the Qa-wx genotypes, and there were also obvious differences 
in the colour between the Qa-wx genotypes (Fig. 5.3). 
As expected, QAL2000 starch interacted more with iodine and gave colour graded 
between the tan for native and at 30 % RH to brown and dark brown at 50 % and 70 % RH. 
The starch from the Qa-wx genotypes had less binding ability with iodine vapour giving 
colour rated between mustard for native and at 30 % RH to dark mustard and brown at 50 
% and 70 % RH, respectively except for the starche from Qa-wx-53 and Qa-wx-83, which 
gave the dark mustard colour despite the increase in moisture content at 70 % RH.  
Starch from QAL2000 and Qa-wx genotypes (Fig. 5.3) were examined by light 
microscopy after exposure to iodine vapour following conditioning at 30, 50 and 70 % RH 
at room temperature for 1 month (Fig. 5.4). Light microscopic observations showed starch 
from QAL2000 had a slight increase in colour with an increase of moisture content. The 
stained starch from QAL2000 gave magenta-coloured granules after conditioning at 30 % 
and 50 %, and dark magenta granules at 70 % RH. The stained starches from Qa-wx 
genotypes showed a light pink colour with a few granules showing a purple colour in the 
central region area of granules. The intensity of colour in the central region area of the 
granules increased with the increased moisture content at 70 % RH. A few of the granules 
in the Qa-wx genotype samples were stained strongly, which might be due to a few 
granules naturally containing amylose, or due to the presence of starch from small amounts 
of contaminant non-waxy grains, which may occur in field grown samples. 
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Table 5-4  Visual evaluation of intensity of colour for iodine-stained QAL2000 and Qa-wx 
genotype starches after 1 month at different RH. Data are from Fig. 5.3. 
 
Samples Native 30 % RH 50 % RH 70 % RH 
QAL2000 +++ +++ ++++ +++++ 
Qa-wx-1 + + ++ ++++ 
Qa-wx-39 + + ++ ++++ 
Qa-wx-53 + + ++ ++ 
Qa-wx-59              + + ++ ++++ 
Qa-wx-69 + + ++ ++++ 
Qa-wx-70 + + ++ ++++ 
Qa-wx-83 + + ++ ++ 
 + Mustard, ++ Dark Mustard, +++ Tan, ++++ Brown and +++++ Dark brown 
 
 
Fig. 5.5, shows the comparison between the starches from QAL2000 and the Qa-
wx genotypes (Qa-wx-1, 39, 53 and 70) after they were exposed to iodine vapour 
following conditioning at 30, 50 and 70 % RH, for 1, 3 and 6 months to examine the 
influence of differences in moisture content on starch granules. Clear differences can be 
noted between the sample colours due to the uptake iodine vapour in different moisture 
content. An increase in the colour was observed with increasing moisture content.  
The starches from  QAL2000 and the Qa-wx genotypes samples (Qa-wx-1, Qa-wx 
53, Qa-wx-39 and Qa-wx-70), as shown in Fig.5.5, all had a pale yellow colour after 3 and 
6 months at 30 % RH, which was different compared to the intensity of colour for native 
and starch and starch after 1 month at 30 % as mentioned before. The colour increased to 
dark brown for starch from QAL2000, whereas the Qa-wx genotypes to dark yellow at 50 
and 70 % RH, in 3 and 6 months for all samples compared with the colour after 1 month at 
30 % RH.  
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Figure 5-3 Photo images of starch from QAL2000 and Qa-wx genotypes stained with 
iodine vapour after conditioning at different relative humidities (RH) for 1 month. 
 
 
 
 
    Native                    30 % RH                50 % RH           70 % RH 
 Q AL2000 
Q a-wx-1 
Q a-wx-39 
 Q a-wx-53 
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               Figure 5-3 (continued). 
 
 
 
 
Q a-wx-59 
Q a-wx-69 
 Q a-wx-70 
 Q a-wx-83 
  Native               30 % RH                      50 % RH             70 % RH 
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Figure 5-4 Light microscopy of starch QAL2000 and Qa-wx genotypes stained with iodine 
vapour after storage at different relative humidities (RH) for 1 month, bar indicates 100 
µm. 
Native                        30 % RH                  50 % RH                       70 % RH 
QAL2000                     
Qa-wx-1                     
Qa-wx-39                     
Qa-wx-53                     
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Figure 5-4 (continued). 
 
Qa-wx-59                     
Qa-wx-83                    
Qa-wx-70                     
Qa-wx-69                     
Native                        30 % RH                  50 % RH                       70 % RH 
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Table 5-5  Moisture content in starches after conditioning at different humidity. 
 
The data are a summary of the data presented in Table 5-1. 
 
 
 
 
 
 
 
 
Figure 5-5 Colour of starch from QAL2000 and Qa-wx genotypes conditioned at different 
RH for 1, 3 and 6 months and exposed for 24 hours to iodine vapour. 
  
RH 
 Time Low (30 %) Moderate (50 %) High (70 %) 
1 Month 5 12 15 
3 Months 1 11 13 
6 Months 1 12 16 
Native            30 %  RH         50 %  RH       70 %  RH  QAL2000 
 
1- Month 
 
3- Months 
 
6- Months 
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Figure 5-5 (continued).
Native            30 %  RH         50 %  RH      70 %  RH 
 Qa-wx-1 
1- Month 
 
3- Months 
 
6- Months 
 
Native           30 %  RH         50 %  RH      70 %  RH 
Qa-wx-39 
1- Month 
 
3- Months 
 
6- Months 
 
Qa-wx-53 
1- Month 
 
3- Months 
 
6- Months 
 
Qa-wx-70 
1- Month 
 
3- Months 
        
6- Months 
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5.3. Discussion 
5.3.1. Properties of starch from QAL2000 and Qa-wx genotypes conditioned at 
different RH. 
The structure of starch granules is related to the arrangement of the amylose and 
amylopectin molecules. The amylopectin with its multiple branches is considered 
responsible for the organization of the crystalline structure of starch. The amylose occurs 
mainly in the amorphous regions within the granules, but in non-waxy starches may 
contribute in the amylopectin clusters to provide long-range structural reinforcement that 
are important to the stability of the granules (Wang and Copeland 2012). In starch granules 
with low amylose content, the granule are more fragile and more easily broken. 
 
The moisture content of starch granules was varied by conditioning at different RH 
values. Conditioning at 30 % RH for 1, 3 and 6 months led to a decreased moisture content 
of starch granules compared with native starch. After 1, 3 and 6 months at 50 % RH, there 
was little or no change in moisture content, whereas at 70 % RH for 1, 3 and 6 months the 
moisture content was increased. The increase in moisture content is suggested to increase 
the mobility of the chains in the amorphous component within the starch granule 
(Bogracheva et al. 2001). 
As shown in Fig. 5.6, which summarizes the trends in changes brought about by 
changes in moisture content and conditioning times, the swelling power values of both 
QAL2000 and Qa-wx genotypes of starches were decreased, after conditioning for 1, 3 and 
6 months at 30 % RH. The lower moisture content may have reduced the molecular 
mobility of the chains forming the amorphous component. At 50 % and 70 % RH, the 
swelling power values of the Qa-wx starches were increased. Increasing the moisture 
content could have resulted in an increase in molecular motion, which may be similar to 
annealing (Bogracheva et al. 2001). The greater water content in starch granule may lead to 
more double helices aligning in long-range order (Bogracheva et al. 2002).  
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Figure 5-6 Trends in the properties of starch from QAL2000 and Qa-wx genotypes after conditioning at different RH.             
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Zavareze and Dias (2011) reported that there was a reduction in swelling power in 
the waxy starches on annealing, which is mainly due to the perfection of starch crystallites. 
Lan et al. (2008) reported that annealing reduces granular swelling in wheat starch. The 
absence of a major effect on swelling power of starch from QAL2000 may be due to some 
amylose molecules that are interspersed in the amylopectin clusters, providing long-range 
structural reinforcement that is important to the stability of the granules (Wang and 
Copeland 2012). 
As shown in Fig. 5.6,  the starches from QAL2000 and Qa-wx genotypes had 
decreased solubility values after being conditioned for 1, 3 and 6 months at 30 % RH. The 
reduced solubility may be attributed to strengthening of the bonds between amylose and 
amylopectin or between amylopectin molecules, preventing leaching out of the granules.   
Gomes et al. (2005) explained that an increase in molecular organisation is responsible for 
the reduction in the swelling power and solubility of starch.  
Fig. 5.6, also shows that the relative crystallinity of starch from QAL2000 and Qa-
wx genotypes decreased after being conditioned for 1, 3 and 6 months at 30 % RH. 
Crystallites and double helices in starch granule need sufficient water to form their 
arrangement. The crystallinities lose water from the edges and the double helices lose their 
long-range order at the edge of crystallinity when the moisture content in starch granule 
was low (Bogracheva et al. 2002). Jayakody and Hoover (2008) found that a slight 
reduction in potato starch crystallinity due to annealing might be a reflection of crystalline 
disruption or reorientation. 
Conditioning at 50 % had no major effect on crystallinity of starch from QAL2000 
and the Qa-wx genotypes. At 70 % RH, there were small increases in RC in the starches 
from QAL2000 and the Qa-wx genotypes after 6 months, which indicates that the relative 
crystallinity is increased with increasing water content in the granules. This is perhaps easy 
to understand, since the crystallites need a certain amount of structural water to exist and 
increasing the moisture content would result in an increase in molecular motion.  
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The effect may be similar to annealing, where an increase in molecular motion 
takes place, allowing more double helices to be formed into crystallites (Bogracheva et al. 
2001). As a result, in excess water almost all double helices should be arranged within 
crystallites, which is in agreement with the results presented in Bogracheva et al. (2002). 
With regard to starch granule structural organisation, it can be concluded that increasing 
the water content in the starch may result in both amylopectin and amylose forming 
additional double helixes inside the granules, which affects starch properties (Bogracheva 
et al. 2001).  
As shown in the summary Fig. 5.7, the peak, final and breakdown viscosities of 
starches from QAL2000 and waxy genotypes were considerably reduced after 1, 3 and 6 
months conditioning at 30 % RH. The effects on those properties may be due to reduced 
molecular mobility of the chains forming the amorphous component as mentioned before 
for swelling behaviour. At 50% RH, both QAL2000 and the Qa-wx starches had almost 
unchanged moisture content and the peak, final and breakdown viscosities of both 
QAL2000 and the Qa-wx starches presented small or no changes after 1, 3 and 6 months 
compared with respective native starches (Fig. 5.7).  
At 70 % RH, peak, final and breakdown viscosities of starches from both QAL2000 
and waxy genotypes were clearly increased after 1 month conditioning compared with 
native starch. After 3 and 6 months, in both QAL2000 and the Qa-wx starches the 
increases observed after 1 month were lost and there were only small differences in peak, 
final and breakdown viscosities compared with native starches.   
Storage time may also have had an influence on the pasting properties of QAL2000 
and waxy genotypes. Katekhong and Charoenrein (2012) found that long storage time for 
rice had a negative influence on viscosity properties, and that starch granules from aged 
rice had more resistance to swelling than granules from fresh rice.  
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 Figure 5-7 Trends in RVA Properties of starch from QAL2000 and Qa-wx genotypes conditioned at different RH. 
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The change in breakdown indicated that the capacity of the starch granules to rupture 
after pasting was reduced significantly by aging of the starch granules (Tulyathan and 
Leeharatanaluk 2007; Tananuwong and Malila 2011; Kanlayakrit and Maweang 2013). Thus it 
can be concluded that the longer period conditioning has negatively affected on starch 
properties.  
 
5.3.2. Colour intensity 
The photographs of the both native starches from QAL2000 and Qa-wx genotypes 
showed clear differences in starch staining colour with iodine vapour. As expected, starch 
from QAL2000 showed greater ability to bind with iodine than Qa-wx genotypes. These 
differences are due to the presence of amylose and to different arrangement of amorphous and 
crystalline regions within the two starches. The amorphous region of starch is likely to be 
more sensitive to chemical adjustment than the crystallinity region. The interaction between 
the starch and iodine is more likely to take place in the amorphous regions within the granule 
(Saibene and Seetharaman 2006). 
After 1 month conditioning at 30 % and 50 % RH, starches from both QAL2000 and 
the Qa-wx genotypes had a similar colour to that of the native starches. After 1-month 
equilibration at 70 % RH and an increase of the water content starches from QAL2000 and 
Qa-wx genotypes were stained darker. The iodine complex formation is likely to have had 
more ability to interrupt the crystalline structure within the granule as well as increase the 
molecular mobility of longer linear glucan polymer chain in starch granule (Saibene and 
Seetharaman 2006; Saibene et al. 2008;  Manion et al. 2011). The starches from the Qa-wx-53 
and Qa-wx-83 with increased moisture content did not stain as strongly as the other waxy 
starches, which may due to the differences in the internal granule organization. The colour and 
staining intensity were different between QAL2000 and Qa-wx genotypes when viewed under 
basic light microscopy.  
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This may be due to the varying ability of iodine to infiltrate within the starch granule and 
complex with the glucan polymer section as well as the moisture content as explained before. 
The native starch from QAL2000 equilibrated at 30 % RH was stained a light magenta colour. 
The intensity of colour increased with increased moisture content at 50 % and 70 % RH 
consistent with the iodine having a greater ability to enter inside the starch granule to complex 
with the glucan polymers. 
The complex formation is able to disrupt the crystalline structure within the starch 
granule and then give a dark colour due to the strong absorbance of iodine from amylose or 
amylopectin (Saibene and Seetharaman 2008). Starches from the Qa-wx genotypes had less 
interaction with iodine, but dark magenta colours were observed in few granules.  
After 3 and 6 months conditioning at 30 % RH, the starches from QAL2000 and Qa-
wx genotypes were showed a similar pale colour. This may be because at low moisture content 
the iodine vapour interaction takes place only on the surface of the granule and gave weak 
interaction (Saibene and Seetharaman 2006; Saibene et al. 2008; Waduge et al. 2010). At 50 
% and 70 % RH, the colour intensity of starch from QAL2000 was increased in the starches. 
This reflects more interior iodine binding within the granule as water increases the molecular 
mobility and access to bind within the linear glucans.  
The starches from Qa-wx genotypes showed the similar dark colour after 6 months at 
70 % RH. The increased moisture content breakdown the waxy starch granule and become 
more fragile due to loosening of the internal structure, which allows iodine to penetrate more 
easily and have access to longer branches that are able to bind iodine.   
An amylose content of around 5-6 % was considered necessary to preserve the 
structure of the starch granule the presence of iodine (Seguchi et al. 2003). It is concluded that 
the iodine binding ability of starch was affected by various factors such as the arrangement of 
starch polymers within the granule and moisture contents of starch (Saibene and Seetharaman 
2006).  
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5.4. Conclusion 
The present study shows that moisture content had a strong influence on the 
physiochemical, functional properties and iodine staining of starch from QAL2000 and Qa-wx 
genotypes. At low relative humidity both QAL2000 and the Qa-wx starches lost a proportion 
of the water content within the granule, with increased time. The lower moisture content in the 
starch granule had negative effects on starch swelling power, solubility, and relative 
crystallinity and pasting properties. The negative effects on these properties increased when 
the starches were equilibrated for more than 3 months, which may be due to the starch 
granules becoming more resistant to swelling under dry conditions (Katekhong and 
Charoenrein 2012). On conditioning at moderate relative humidity (50 %), properties of both 
QAL2000 and the Qa-wx starches did not change greatly compared with native starches. At 
high relative humidity (70 %) both QAL2000 and the Qa-wx starches adsorbed water, which 
clearly affected starch swelling power, solubility, and relative crystallinity and pasting 
properties and changes within these properties can be similar as changes due to annealing.  
The ability of iodine vapour to complex with starch granule was affected by the 
moisture content. At low moisture content the granules lost water and the ability of starch to 
bind with iodine was less, which could be as result of the complex with iodine being restricted 
to the surface of the starch granule. At high moisture content the granules absorbed water and 
the iodine can penetrate a loosened internal structure more easily in the starch granule and 
disrupt the crystalline region, which allows iodine to access to longer branches able to bind 
resulting in a dark colour (Saibene and Seetharaman 2006).  
 
The next chapter will describe studies on the effects of suspended starch from 
QAL2000 and Qa-wx genotypes in alkali treated for 1,5 and 15 days on the starch properties. 
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 Chapter 6. Alkali treatment 
6.1. Introduction 
It is important to understand the physicochemical and functional properties of starch 
for different applications in the food industry. Native starches have limitations in their uses 
in food and various industrial applications due to being insoluble in cold water (Roberts 
and Cameron 2002; Wang et al. 2008). In contrast, after starch granules are gelatinised by 
heating in excess water, the molecules reassociate during cooling and the reorganisation of 
starch molecules may result in release of water (referred to as syneresis) to adversely affect 
functional and sensory properties of foods (Zheng and Sosulski 1998). Waxy starches are 
characterised by lower syneresis, and are more stable for industrial applications (Takeiti et 
al. 2007). Syneresis stability is an important property when frozen foods are thawed for 
consumption (Charoenrein et al. 2007). Hence, many types of modification treatments have 
been used for improving the  functional properties of native starch and to produce modified 
starches with properties more suitable for industry (Lai et al. 2002). For example, physical 
and chemical modifications such as partial gelatinisation, acid hydrolysis, treatment with 
alkali, enzymes, esterification and cross-linking are important methods are used to modify 
starch structure (Karim et al. 2008; Huber and BeMiller 2010).  
Alkali is a widely known starch modification treatment used for various food 
products such as waxy rice dumplings, yellow alkaline noodles and tortillas. In addition, 
alkali treatment leads to aroma characteristics useful for food flavouring. Karim et al. 
(2008), Nadiha et al. (2010) and Wang and Copeland (2012) all reported that the structure 
and physicochemical properties of starch were changed during alkali steeping. These 
changes varied depending on the type of starch, alkalizing agents, and concentrations of 
alkali solution and period of steeping (Nadiha et al. 2010).  
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Alkali treatment caused varying changes in swelling power, crystallinity, 
gelatinisation, retrogradation and pasting properties (Lai et al. 2004; Karim et al. 2008; 
Nadiha et al. 2010; Wang and Copeland 2012). Despite the effect alkali treatment has on 
starch functional properties and in vitro digestibility, only relatively few studies have been 
carried out, mainly focused on non-waxy starch from sago, potato, corn and peas with few 
involving waxy starches. In this chapter, studies on the effect of alkali treatment on the 
morphology and functional properties of starch from QAL2000 and Qa-wx wheat 
genotypes are described. 
Isolation methods are known to have an effect on the starch physicochemical and 
functional properties. Many different methods are used for starch isolation, which justifies 
interest in studying suitable methods for individual raw materials (Marques and Correia 
2012). Alkaline methods are widely used in the starch and adhesives industries (Han and 
Tyler 2003). However, there are reports of changes caused by using the alkali method to 
extract rice starch, such as the leaching of protein from the granule surface during 
gelatinization (Han and Hamaker 2002). The effect of alkali washing during starch isolation 
from QAL2000 and Qa-wx genotypes on physicochemical and functional properties was 
also studied.  
 
6.2. Results  
Alkali treatment was performed by suspending the starches from QAL2000 and waxy 
genotypes Qa-wx-1, Qa-wx-39, Qa-wx-53 and Qa-wx-70 in 0.1 M NaOH solution at 35± 2 ºC 
as described in Chapter 2. The physicochemical properties that were determined were amylose 
content, starch swelling power and solubility, and relative crystallinity. Functional properties 
that were measured were RVA pasting properties, DSC thermal properties and in-vitro 
hydrolysis by α- amylase and amyloglucosidase.  
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The morphology of native and alkali- treated starches was investigated using confocal 
laser scanning microscopy (CLSM). In this chapter, the term native is used for starch that was 
not exposed to alkali. 
 
6.2.1. Starch recovery and amylose content 
Starch recovery from QAL2000 and the Qa-wx genotypes after alkali treatment for 
1, 5 and 15 d is shown in Table 6.1. Starch recovery was 93-95 % after incubation with 0.1 
M NaOH for 1 day, 91-95 % after 5 days of incubation and 91-93 % after 15 days of 
incubation for the QAL2000 and Qa-wx genotypes. The amylose content of QAL2000 was 
decreased from 27 % to 23 %, 19 % and 18 % after 1, 5 and 15 days of alkali treatment, 
respectively (Table 6.1). AM content of the Qa-wx genotypes did not change significantly 
after 1, 5 and 15 days of alkali treatment.  
 
6.2.2. Swelling power and solubility 
The swelling power of QAL2000 starch decreased from 15 to 12 g H2O/g dry 
weight of starch after 1 day, and subsequently decreased by only a small amount after 5 and 
15 days of alkali retreatment (Table 6.1). Starch swelling power of the Qa-wx genotypes, 
which was initially 19-22 g H2O/g starch decreased to 15-21 g H2O/g starch after 1 day and 
then increased to 16-25 g H2O/g dry weight of starch and 21-26 g H2O/g dry weight of 
starch after 5 and 15 days, respectively.  
The solubility of starch from QAL2000 decreased slightly from 25 % to 22 % after 
1 day, and subsequently decreased by small amount after 5 and 15 days of alkali treatment 
(Table 6.1). Starch solubility of the Qa-wx genotypes was initially 21-25 %, which 
decreased to 11-17 % after 1 day and then decreased further to 9-11 % after 15 days of 
alkali treatment. There were small differences between the Qa-wx starches, although the 
trends were the same. 
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6.2.3. X-ray diffraction and relative crystallinity  
The x-ray diffractograms and relative crystallinity (RC) of the native and alkali-
treated starch granules are shown in Fig. 6.1 and Table 6.1, respectively. The 
diffractograms of native and treated starch from QAL2000 and the Qa-wx genotypes, 
which were characteristic of the A-type starch pattern, were similar, indicating very little 
effect of alkali on the polymorphic crystalline structures. The RC of starch from QAL2000 
was decreased only slightly from 26 % to 25 %, after 1 d, and subsequently, decreased 
further by a small amount after 5 and 15 d of alkali treatment (Table 6.1). The values for 
RC of the Qa-wx genotypes were not changed after 1 day, and thereafter decreased by a 
small amount after 5 and 15 d of alkali retreatment.  
 
6.2.4. Morphology of native and alkali-treated starch 
The CLSM images of native starch and starch of QAL2000 and Qa-wx genotypes 
after 1, 5 and 15 days incubation with 0.1 M NaOH were generally similar (Fig. 6. 2). The 
images from native QAL2000 and Qa-wx genotypes showed that the wheat starch A-type 
granules had a round shape with clearly distinguishable growth rings. Erosive damage was 
clearly visible inside the granule on longer exposure to the alkali. As seen in Fig. 6.2, the 
QAL2000 starch images showed the alkali had more effect on starch granule after 15 days, 
whereas the Qa-wx genotype starches were affected from 1 day. After 15 days of exposure 
to alkali, the starch granules, especially those of the Qa-wx genotypes were more severely 
damaged, and displayed holes, indicating that the alkali solution penetrated throughout the 
starch granules.  
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Figure 6-1  X-ray diffraction patterns of native and alkali treated QAL2000 and waxy wheat starches after 1, 5 and 15 days. Crystallinity 
% was given on the right hand side of each pattern.
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Table 6-1 Effect of incubation with 0.1 M NaOH for various times on properties of starch 
from QAL2000 and Qa-wx genotypes. 
Samples Day Recovery (%) AM SSP SS RC 
QAL2000 0 100 27.2±0.0a 15.1±0.9hi 27.5±1.9a 25.9±0.7f 
 
1 94 23.4±0.2b 11.8±0.3j 22.4±0.0d 24.8±1.2g 
 
5 94 18.8±0.9c 10.7±0.0jk 20.0±2.2f 22.5±0.7h 
 
15 92 17.6±0.1d 10.0±0.3k 19.8±0.3fg 22.3±1.5h 
       Qa-wx-1 0 100 1.9±0.0ef 18.6±0.4f 22.1±0.2d 28.3±1.8c 
 
1 95 1.6±0.4f 17.1±0.8g 17.1±0.9hi 29.1±1.1b 
 
5 95 1.2±0.1g 20.4±2.0e 13.6±2.7j 27.3±1.3e 
 
15 92 0.9±0.0l 26.0±2.0a 10.8±1.1k 27.4±1.1e 
       Qa-wx-39 0 100 1.2±0.1i 21.7±0.5d 23.4±0.9c 30.3±1.3a 
 
1 93 1.1±0.4i 20.5±3.0e 19.2±0.8g 29.2±1.2b 
 
5 91 0.8±0.2h 24.9±0.5bc 10.4±0.6kl 27.4±0.6e 
 
15 91 0.6±0.1h 25.0±1.0b 8.6±1.6m 26.5±1.5ef 
       Qa-wx-53 0 100 1.0±0.1j 21.1±0.7 de 24.7±2.1b 29.4±1.4b 
 
1 95 1.3±0.0fg 16.7±2.1gh 19.2±0.8g 28.5±1.5bc 
 
5 91 1.0±0.1j 17.1±0.1g 16.9±0.3hi 27.8±1.2cd 
 
15 91 0.7±0.1h 21.4±0.8d 10.8±1.1k 26.5±0.5ef 
       Qa-wx-70 0 100 2.2±0.5e 20.8±0.8e 24.4±1.3bc 29.7±0.0ab 
 
1 94 1.5±0.1f 14.5±2.8i 21.0±0.3e 28.6±1.6bc 
 
5 93 1.3±0.0fg 15.6±0.8h 17.9±0.1h 27.6±0.6cd 
 
15 93 1.1±0.0g 23.0±1.4c 9.7±0.1l 26.9±0.9ef 
Values are means ± SD of duplicate determinations. Values with the same letters within a 
column are not significantly different (p< 0.05). AM is amylose content (%), SSP is starch 
swelling power g H2O/g dry weight of starch, SS is starch solubility (%) and RC is relative 
crystallinity (%). 
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Figure 6-2 CLSM images of starch granules of QAL2000 and Qa-wx genotypes before and 
after incubation with 0.1 M NaOH for 1, 5 and 15 days. 
 
QAL2000 
Qa-wx-1 
Qa-wx-39 
Qa-wx-53 
Qa-wx-70 
        Native                          1 Day                       5 Day                     15 Day  
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6.2.5. Pasting properties 
The RVA profiles of 6 % (w/w) water- starch mixtures from QAL2000 and Qa-wx 
genotypes, untreated and after alkali treatment for 1, 5 and 15 days, are shown in and Fig. 6. 3. 
The values of pasting parameters are summarised in Table 6.2. There was a significant 
decrease in the values of all pasting properties after alkali treatment for starches from 
QAL2000 and Qa-wx genotypes compared with native starches. For starch from QAL2000, 
peak viscosity collapsed from 452 cP to 110 cP, final viscosity from 498 cP to 134 cP and 
breakdown viscosity from 150 cP to 51 cP after 1 d of alkali treatment. There was no further 
change in peak viscosity of starch from QAL2000 after 5 and 15 d of treatment.  
Starch from all the Qa-wx genotypes followed a similar pattern. Peak viscosities were 
decreased from 1155-1696 cP to 525-733 cP, final viscosity from 807-936 cP to 272-431 cP 
and breakdown viscosity from 447-934 cP to 234-394 cP after 1 d of alkali treatment. The 
viscosity parameters of the Qa-wx genotypes recovered from the initial decline on longer 
exposure to alkali. The values of the viscosity parameters of the Qa-wx genotypes after 5 and 
15 days incubation to alkali treatment were higher than respective values for starch treated for 
1 d. There were small differences between the Qa-wx starches, although the trends were the 
same.  
The starch gels from QAL2000 were soft after 1, 5 and 15 days of alkali treatment, 
whereas no gel was formed by the starch from Qa-wx genotypes after alkali treatment. 
 
 
 
 
 
 
 
  
  
145 
 
 
 
 
 
  
Figure 6-3 RVA pasting profiles of native and alkali treated QAL2000 and Qa-wx genotypes 
starch after 1, 5 and 15 days. 
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Figure 6-4  Gels of 6 % (w/w) starch: water mixture from QAL2000 and Qa-wx 70 starches 
after 1, 5 and 15 days of alkali treatment: Native (A, E), 1 d (B, F), 5 d (C, G) and 15 d (D, H) 
in 0.1 M NaOH.
A 
B 
D 
C 
E 
F 
G 
H 
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        Table 6-2 RVA Pasting properties of starch from QAL2000 and Qa-wx genotypes after incubation with 0.1 M NaOH for 1, 5 
and 15 days. 
Values are means ± SD of duplicate determinations. Values with the same letters within a column are not significantly different (p< 
0.05). PV is peak viscosity, TV is trough viscosity, BV is break down, and FV is final viscosity, SV is setback viscosity, PT is 
pasting temperature and Pt is pasting time. 
Starches Time PV TV BV FV SV    PT      Pt 
QAL2000  0 d 452±22e 302±18d 150±11d 498±34c 196±9a 95±0.3a 6.0±0.2a 
Qa-wx-1  1696±7a 753±9b 943±15a 872±5bab 119±9b 68±0.2b 4.1±0.1b 
Qa-wx-39  1155±10d 689±22c 466±24c 807±22b 118±7b 67±0.1b 4.1±0 .3b 
Qa-wx-53  1602±4b 733±5bc 869±1b 862±4b 129±3b 67±0.3b 4.1±0.2b 
Qa-wx-70  1275±9c 828±17a 447±33c 936±15a 108±10b 66±0.2c 4.0±0.2b 
 
      
  
QAL2000  1d 110±17e 67±2.8d 51±2.7e 134±2.1e 70±3.4b 79±1.0a 5.4±1.2a 
Qa-wx-1  561±2.8b 227±3.1c 343±4.7b 272±1.4d 48±2.7c 74±1.0b 3.0±0.2b 
Qa-wx-39  530±4.4c 288±5.7b 243±2.7d 381±1.4b 94±6.7a 70±1.0ac 4.0±0.1b 
Qa-wx-53  733±5.4a 339±3.7a 394±2.1a 431±2.1a 93±2.8a 72±2.0bc 3.5±0.2b 
Qa-wx-70  525±6.4d 232±2.1c 295±2.1c 292±1.4c 69±1.4b 72±1.0ab 3.0±0.4b 
 
 
      
 
QAL2000  5d 122±12e 72±2.8e 54±2.1e 116±2.1d 44±7.7d 73.4±1.1a 4.3±0.7a 
Qa-wx-1  837±3.4b 380±3.5d 457±2.8a 485±2.8c 107±1.4c 72.4±1.1a 3.5±0.5a 
Qa-wx-39  788±5.4d 498±2.4a 291±2.1d 600±2.1a 128±2.8b 70.6±2.1b 3.9±0.3a 
Qa-wx-53  832±5.1c 428±3.4c 400±2.8b 551±3.4b 134±1.4a 72.9±3.0a 3.6±0.4a 
Qa-wx-70  855±7.7a 460±4.4b 345±3.7c 601±4.7a 130±2.1ab 71.9±0.4a 3.6±0.3a 
 
 
      
 
QAL2000  15d 124±4.7e 113±2.1d 67±3.4e 157±2.1d 46±3.9e 61±0.3c 7±0.3a 
Qa-wx-1  1136±3.4a 554±3.4c 582±2.8a 699±4.4c 149±2.1b 72±1.0d 4±0.1b 
Qa-wx-39  1024±3.8b 573±6.7b 452±2.1c 709±2.1b 136±3.4c 71±1.0ab 4±0.2b 
Qa-wx-53  955±3.4d 577±2.1b 475±2.1b 700±2.8c 171±8.4a 70±0.4b 4±0.1b 
Qa-wx-70  982±4.4c 591±2.1a 360±3.4d 723±5.4a 131±4.4d 71±0.3ab 4±0.1b 
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6.2.6. Thermal properties (°C) 
The DSC thermal properties of the starches were recorded and DSC pans were kept 
overnight at 25 °C and then for 7 days at 4 °C, before they were rescanned to record transition 
temperature for retrograded starch. Thermal transition temperatures of native and alkali-  
treated starches from QAL2000 and the Qa-wx genotypes are shown in Fig. 6.5. After alkali 
treatment thermograms of starch from QAL2000 and Qa-wx showed increased T₀ , Tp, Tc and 
Tc-To, and decreased ∆H compared with untreated starches. The transition temperatures 
related to the gelatinization and retrogradation properties are shown in Tables 6.3 and 6.4. 
Native starch from QAL2000 had lower values of T₀ (58 °C), Tp (62 °C), Tc (66°C), Tc-To (10 
°C ) and enthalpy ∆H (4 J/g) compared with the Qa-wx genotypes with To (59 °C), Tp (66 °C), 
Tc (75°C), Tc-To (17 °C ) and enthalpy ∆H (5 J/g).  
 
After 1 day of alkali treatment, the transition temperatures (To, Tp and Tc ) of QAL2000 
and the Qa-wx genotypes were increased significantly. After 5 and 15 d exposure to alkali the 
transition temperatures continued to increase, and ∆H to decrease, although more slowly than 
initially (Table 6.3). There were small differences between the Qa-wx starches, as shown in 
Table 6.4. 
  
When the samples were rescanned after storage for 7 d at 4 ºC (Table 6.4), the thermal 
transitions of retrograded starches from QAL2000 and the Qa-wx genotypes, were much 
lower than those from the initial scan. After 1, 5 and 15 days alkali treatment, the transition 
temperatures (To, Tp, Tc and Tc–To) of the rescanned starch from QAL2000 and Qa-wx 
genotypes increased gradually with length of time in alkai (Table 6.4). The ∆H of the 
endothermic transition of both type of retrograded starches d id not change significantly after 
exposure to alakli treatement. There were small differences between the retrograded Qa-wx 
starches samples. 
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Figure 6-5 Initial  DSC thermograms of native starch from QAL2000 and Qa-wx genotypes, 
and starch 1, 5 and 15 d in 0.1 M NaOH. 
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Table 6-3 Thermal properties of starch from QAL2000 and Qa-wx genotypes after incubation 
in 0.1 M NaOH for 1, 5 and 15 days. 
 
 
      Thermal transition (°C) 
  Starches       Time        To       Tp      Tc   Tc-To ∆H (J/g) 
QAL2000 0 d 55.7±0.9b 62.0±1.3b 66.1±1.2b 10.4±2.1b 3.8±0.2a 
Qa-wx-1  59.0±1.2a 65.5±0.0a 74.8±0.1a 15.8±1.3a 4.1±0.2a 
Qa-wx-39  59.2±0.8a 65.7±0.5a 75.3±0.5a 16.1±0.4a 4.5±0.1a 
Qa-wx-53  58.2±1.0a 64.7±0.1a 75.4±2.1a 17.2±3.0a 4.4±0.7a 
Qa-wx-70  58.3±0.6a 65.1±0.8a 74.1±1.8a 15.8±2.4a 4.1±1.1a 
                      
     QAL2000 1 d 58.8±0.9b 65.9±0.1b 75.2±1.4b 16.4±1.8a 2.8±0.0a 
Qa-wx-1  62.8±0.4a 70.3±0.5a 77.8±1.3a 15.0±0.9a 3.4±0.1a 
Qa-wx-39  61.2±0.5ab 68.8±1.0a 77.8±0.2a 16.6±0.7a 3.7±0.2a 
Qa-wx-53  61.8±0.9a 70.0±1.3a 77.8±0.5a 16.0±0.4a 3.4±0.6a 
Qa-wx-70  60.8±1.7ab 70.7±1.4a 77.9±0.6a 17.1±1.1a 3.0±0.8a 
                      
     QAL2000 5 d 61.6±0.4b 68.6±1.7c 75.5±0.8b 13.9±0.4b 1.9±0.1b 
Qa-wx-1  65.1±0.9a 72.9±0.8ab 82.9±1.4a 17.8±2.3a 2.9±0.2a 
Qa-wx-39  65.6±1.0a 73.8±1.0a 84.8±0.7a 19.2±0.3a 3.1±0.1a 
Qa-wx-53  63.3±1.6ab 73.7±0.6ab 84.0±1.0a 20.7±2.6a 2.7±0.4a 
Qa-wx-70  62.9±1.1ab 70.8±1.2bc 81.9±2.4a 19.0±3.5a 2.9±0.3a 
                     
     QAL2000 15 d 64.0±1.2b 70.2±1.0d 76.9±1.8b 13.0±3.1b 1.5±0.5b 
Qa-wx-1  65.5±0.8ab 74.9±0.6bc 84.7±0.7a 19.2±0.1a 2.4±0.1a 
Qa-wx-39  67.0±0.4a 77.8±0.4a 86.7±0.6a 19.7±1.0a 3.0±0.0a 
Qa-wx-53  65.7±0.7ab 76.3±0.8ab 85.9±0.7a 20.1±0.0a 2.5±0.2a 
Qa-wx-70  65.3±0.5ab 74.3±0.8c 86.1±0.9a 20.8±0.4a 2.6±.0.1a 
 
Values are means ± SD of duplicate determinations. Values with the same letters within a 
column are not significantly different (p< 0.05). To, Tp and Tc are the onset, peak, and 
conclusion temperatures, Tc–To is the transition temperature range, and ∆H is the enthalpy 
change of the endothermic transition. 
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Table 6-4 Thermal properties of retrograded starch from QAL2000 and Qa-wx genotype 
starches after incubation in 0.1 M NaOH for 1, 5 and 15 days, rescanned after storage at 4 °C 
for 7 d. 
 
 
Starches       Time 
            
           Thermal transition (°C) 
   Tc-To ∆H (J/g)      To       Tp       Tc 
QAL2000     0 d 39.6±0.7d 51.4±0.7d 55.8±0.1 16.1±0.8bc 1.6±0.1 
Qa-wx-1 46.1±1.1b 56.1±0.5ab 63.8±0.2 17.7±0.9b 2.0±0.0 
Qa-wx-39 49.9±1.0a 55.5±0.2bc 63.0±1.4 13.1±2.3c 2.3±0.1 
Qa-wx-53 49.3±0.7a 57.3±0.8a 66.5±0.1 17.2±0.6b 2.8±0.0 
Qa-wx-70 43.1±0.1c 54.4±0.1c 66.0±0.7 23.0±0.6a 2.3±0.0 
 
QAL2000    1 d 45.1±0.7c 54.0±0.6b 59.1±0.4d 14.0±0.4bc 1.4±0.1b 
Qa-wx-1 51.8±1.4b 58.3±0.3a 69.3±0.6a 17.5±0.8a 1.5±0.1b 
Qa-wx-39 56.0±1.2a 57.2±0.6a 67.0±0.0bc 11.0±1.3d 1.7±0.1a 
Qa-wx-53  54.1±0.8ab 58.6±0.7a 66.0±0.0c 11.9±0.8cd 1.6±0.1ab 
Qa-wx-70 51.9±0.6b 58.3±0.9a 68.1±1.2ab 16.2±1.8ab 1.7±0.0a 
      QAL2000    5 d 52.7±0.9c 56.0±0.2d 66.1±1.1c 13.4±1.9b 1.1±0.0b 
Qa-wx-1  53.9±1.2bc 60.8±0.9bc 72.9±0.5b 19.0±1.6a 1.3±0.0ab 
Qa-wx-39 58.8±0.8a 59.0±1.2cc 76.2±0.6a 17.4±0.2a 1.2±0.0ab 
Qa-wx-53 56.1±0.9b 62.7±0.9ab 75.1±0.7a 19.1±1.6a 1.3±0.1ab 
Qa-wx-70 55.1±0.8b 64.2±1.1a 75.1±0.4a 20.0±1.2a 1.4±0.1a 
      QAL2000    15 d 56.0±1.1c 58.7±0.5d 73.8±0.4c 17.8±0.7b 0.7±0.1b 
Qa-wx-1  57.1±0.7bc 63.3±0.6c 74.6±0.8bc 17.5±0.1b 1.2±0.1a 
Qa-wx-39  60.0±0.5a 69.7±0.9a 75.9±0.9bc 16.0±0.4c 1.1±0.1a 
Qa-wx-53  59.1±1.0ab 68.3±0.7a 77.4±1.9ab 17.3±0.9b 1.2±0.1a 
Qa-wx-70  57.7±0.7bc 66.2±0.8b 78.9±0.8a 21.2±0.2a 1.0±0.2a 
      Values are means ± SD of duplicate determinations. Values with the same letters within a 
column are not significantly different (p< 0.05). To, Tp and Tc are the onset, peak, and 
conclusion temperatures, Tc–To is the transition temperature range, and ∆H is the enthalpy 
change of the endothermic transition. 
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6.2.7. In vitro starch digestibility 
In vitro digestibility by α-amylase and amyloglucosidase of native and alkali treated 
starch from QAL2000 and Qa-wx genotypes is shown in Table 6.5, and Fig. 6. 6. The 
enzymatic digestibility of starch from QAL2000 and the Qa-wx genotypes increased gradually 
after incubation with 0.1 M NaOH for 1, 5 and 15 days. The amount of QAL2000 starch that 
was hydrolysed after 20 min (RDS) was increased from 4 % to 13 %, 20 % and 23 % for 
starch that had been exposed to 1, 5 and 15 days alkali treatment, respectively. 
 After 120 min enzymatic digestion, the amount of QAL2000 starch that was 
hydrolysed (SDS) was increased from 19 % to 33 %, 45 % and 49 % after 1, 5 and 15 days of 
alkali treatment, respectively. The amount of QAL2000 starch that remained after 2 hours 
incubation (RS) was significantly decreased from 77 % to 54 %, 36 % and 28 % after 1, 5 and 
15 days of alkali treatment, respectively. 
Hydrolysis of starch from the Qa-wx genotypes was increased from 6-9 % to 20-23 %, 
25-28 % and 26-32 % and from 30-35 % to 47-49 %, 51-58 % and 54-66 % for RDS and SDS  
after 1, 5 and 15 days alkali treatment, respectively. The amount of the Qa-wx genotypes that 
remained after 2 hours incubation (RS) was significantly decreased from 57-63 % to 28-32 %, 
14-24 % and 2-21 % after 1, 5 and 15 days alkali treatment, respectively. There were small 
differences between the Qa-wx starches. 
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Table 6-5 Digestibility of starch from QAL2000 and Qa-wx genotypes, for native starch and 
after incubation with 0.1 M NaOH for 1, 5 and 15 days. 
 
Starches         Days 
 
       RDS (%)                 SDS (%)                    RS (%) 
QAL2000      Native          3.6±0.4b 19.1±0.2c 77.3±0.5a 
Qa-wx-1 7.3±0.7a 29.7±0.5b 63.0±0.0b 
Qa-wx-39 7.9±0.0a 32.0±0.3ab 60.1±0.3b 
Qa-wx-53 8.8±1.3a 34.3±0.3a 56.9±1.2b 
Qa-wx-70 6.4±2.2ab 35.1±2.5a 58.6±4.1b 
   
QAL2000        1 d 13.1±0.4c 32.6±0.5b 54.3±0.2a 
Qa-wx-1 21.3±1.6ab 47.4±1.4a 31.3±2.5b 
Qa-wx-39 23.3±1.3a 48.8±0.4a 27.9±1.2b 
Qa-wx-53 22.9±0.5a 49.4±1.3a 27.7±1.7b 
Qa-wx-70 19.5±0.5b 48.1±0.3a 32.4±0.7b 
   QAL2000          5 d 19.6±0.3d 44.6±1.9c 35.8±1.7a 
Qa-wx-1 25.1±1.1bc 51.4±1.0b 23.5±1.8b 
Qa-wx-39 28.2±0.8a 57.6±0.5a 14.1±1.1c 
Qa-wx-53 26.7±0.7ab 54.0±0.9ab 19.4±1.5bc 
Qa-wx-70 24.5±0.8c 53.4±0.5ab 22.2±2.2b 
   
QAL2000         15 d 23.2±1.1d 49.1±1.7d 27.7±2.5a 
Qa-wx-1 25.8±0.5c 53.5±1.5c 20.6±0.3b 
Qa-wx-39 32.2±1.1a 66.1±0.4a 1.8±0.3d 
Qa-wx-53 28.2±1.5bc 61.1±0.7b 10.8±0.3c 
Qa-wx-70 29.5±0.3ab 61.9±0.2b 8.6±0.9c 
Values are means ± SD of duplicate determinations. Values with the same letters within a 
column are not significantly different (p< 0.05). RDS is starch hydrolysed within 20 min, SDS 
is starch digested within 120 min and RS is starch that remained after 2 hr incubation. 
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Figure 6-6 Enzymic hydrolysis of starch from QAL2000 and Qa-wx genotypes, for native 
starch and after incubation in 0.1 M NaOH for 1, 5 and 15 days. The data from Table 6.5. 
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6.3. Comparison of properties of starch isolated with buffer or alkali washing 
In this section, two different isolation methods were compared for their effects on the 
properties of starch. The first method (A) involved steeping wheat grains of QAL2000 and the 
Qa-wx genotypes in 0.2 M NH4OH followed washing isolated starch with 0.2 M NH4OH 
(Salman et al. 2009). The second method (B) involved isolating the starch from flour of 
QAL2000 and the Qa-wx genotypes using sodium borate buffer, followed by washing the 
isolated starch with water (Park et al. 2006; Fernholz 2008). The swelling power, solubility, 
amylose content, starch damage and relative crystallinity were measured as well as the pasting 
properties.  
As shown in Table 6.6, starch from QAL2000 showed small differences between the 
isolation methods. With method A the swelling power of 15 g H2O/g dry weight of starch and 
the amylose content of 27 %, were lower than the values from method B of 18 g H2O/g dry 
weight of starch and 33 % amylose, respectively.  The SS (28 %) and RC (26 %) from method 
A were higher than method B. There were no differences in swelling power value and amylose 
content of starch from the Qa-wx genotypes for both methods. The SS and RC were slightly 
lower with method B compared to A (Table 6.6). Starch damage was low for QAL2000 and 
the waxy starches with both method B and method A (Table 6.7).  
 
Figure 6-7 X-ray diffraction of QAL2000 and Qa-wx 
genotypes after isolated with method A (alkali washing) and method B (water washing). 
Crystallinity % was given on the right hand side of each pattern.
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Table 6-6  Swelling power, solubility, crystallinity and amylose content of starch isolated with method A (alkali washing) and 
method B (water washing) from QAL2000 and Qa-wx genotypes. 
 
       Values are means ± SD of duplicate determinations. SSP is starch swelling power (g/g), SS is starch solubility (%), RC is   
relative crystallinity (%), AM is amylose content, nd is not determined. Paired values in bold indicate significant differences 
(p<0.05) as determined by (L.S.D). 
 
    
 
 
SSP 
 
SS 
 
RC 
 
AM 
       
Starch  (A) (B)  (A)  (B)  (A) (B)  (A)  (B) 
QAL2000 15±0.5 18±1.9 28±1.7 24±2.0 26±0.5 24±1.1 27±0.4 33±0.5 
Qa-wx-1 19±0.3 20±0.7        22±0.1 20±0.6 28±2.0 28±1.2 nd nd 
Qa-wx-39 22±0.6 21±0.3 23±0.5 20±0.6 30±0.7 28±1.1 nd nd 
Qa-wx-53 21±1.0 23±0.7 25±1.8 19±0.7 29±0.9 28±0.9 nd nd 
Qa-wx-59 23±0.7 23±0.5 nd 21±0.3 29±0.4 27±0.1 nd nd 
Qa-wx-69 22±0.2 23±0.3 nd 19±0.8 31±2.0 28±1.4 3±0.9 3±1.3 
Qa-wx-70 21±0.5 22±1.7 24±0.6 19±1.0 30±0.3 28±1.1 nd nd 
Qa-wx-83 22±0.7 23±1.0 nd 20±1.9 31±2.0 27±0.5 1±0.3 2.1±1.1 
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Table 6-7  Damage of starch isolated with method A (alkali washing) and method B (water 
washing) from QAL2000 and Qa-wx genotypes. 
 
         Starch damage (%) 
Starch (A) (B) 
QAL2000   1   2 
Qa-wx-1   2   3 
Qa-wx-59   2   4 
Qa-wx-69   2   4 
Qa-wx-83   2   4 
    
 
6.3.1. Pasting properties  
The RVA profiles of 6 % (w/w) starch- water mixtures starches isolated using sodium 
borate buffer and alkali washing methods are shown in Fig. 6.8, and the values of the 
corresponding pasting properties are summarised in Table 6.8. Both methods gave RVA 
pasting curves with similar the overall shape for starch isolated from QAL2000 and Qa-wx 
genotypes. After alkali washing, the pasting viscosity values of the starch from QAL2000 
were lower than those of starch isolated with a buffer wash (Table 6.6). In contrast, pasting 
viscosity values of starch from Qa-wx genotypes tended to be higher after isolation with on 
alkali wash. The RVA profiles of starch isolated from QAL2000 with buffer showed peak, 
final and breakdown viscosities that were 20-40 % greater, than respective values for starch 
isolated with alkali method. 
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Table 6-8  Pasting profile of starch isolated with method A (alkali washing) and method B (water washing) from QAL2000 and 
Qa-wx genotypes. 
Samples PV  TV  BV  FV  SV  PT  Pt 
QAL2000 (B) 627±26  378±18  250±12  693±16  315±12  89±1  6±0 
QAL2000 (A) 452±22  302±18  150±11  498±34  196±19  95±0  6±0 
Qa-wx-1 (B) 1315±20  498±17  943±15  694±19  196±2  68±0  4±0 
Qa-wx-1 (A) 1696±37  753±19  817±13  872±15  119±9  68±0  4±0 
Qa-wx-39 (B) 1108±35  451±13  657±22  654±19  203±13  63±3  4±0 
Qa-wx-39 (A) 1155±10  689±22  466±24  807±22  118±17  67±0  4±0 
Qa-wx-53 (B) 1124±10  441±13  869±11  696±10  256±18  67±0  4±0 
Qa-wx-53 (A) 1602±24  733±15  683±17  862±14  129±13  67±0  4±0 
Qa-wx-59 (B) 1215±12  496±12  793±17  716±13  221±21  68±0  4±0 
Qa-wx-59 (A) 1494±28  701±10  719±10  874±14  173±23  68±0  4±0 
Qa-wx-69 (B) 1043±29  429±13  614±12  641±21  212±22  68±0  4±0 
Qa-wx-69 (A) 1221±24  807±10  414±15  918±17  111±2l  66±0  4±0 
Qa-wx-70 (B) 1288±21  524±17  764±14  702±14  178±13  68±0  4±0 
Qa-wx-70 (A) 1275±39  828±17  447±33  936±15  108±10  66±0  4±0 
Qa-wx-83 (B) 1005±25  423±17  869±18  629±17  207±11  69±0  4±0 
Qa-wx-83 (A) 1060±10  733±15  583±12  862±14  129±17  67±0  4±0 
Values are means ± SD of duplicate determinations. PV is peak viscosity, TV is trough viscosity, BV is break down, and FV is 
final viscosity, SV is setback viscosity, PT is pasting temperature and Pt is pasting time after isolated with method A (alkali 
washing) and method B (water washing). Paired values in bold indicate significant differences (p<0.05) as determined by (L.S.D)
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Figure 6-8 Pasting profiles of QAL2000 and Qa-wx genotypes after isolated with method 
A (alkali washing) and method B (water washing). 
 
6.4. Discussion  
6.4.1. Effect of alkali-treated starch on granule physiochemical properties  
The alkali treatment had clear effects on the physiochemical properties of starch 
from QAL2000 and Qa-wx genotypes. As shown by the trends in Fig. 6.9 the total yield 
of QAL2000 and Qa-wx genotype decreased to between 91-94 % after 1, 5, and 15 days 
treatment in 0.1 M NaOH. The loss of a small amount of starch after the alkali treatment 
was similar to the results reported for sago, pea, corn and potato starches (Nadiha et al. 
2010; Wang and Copeland 2012). Amylose content of QAL2000 showed a significant 
decrease after alkali treatment. From the total loss of starch and reduction in amylose 
content, it can be calculated that most of the starch materials that were leached out due to 
the treatment process were amylose. In comparison, the starch lost from the Qa-wx 
genotypes during the alkali treatment would have been different to QAL2000 due to the 
low amount of amylose in waxy starch (Fig. 6.9).  
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The reduction of apparent amylose content of alkali- treated QAL2000 starch could 
lead to disruption of the amorphous regions, which contain amylose chains (Karim et al. 
2008). Lai et al. (2004) suggested that the OH- ions in alkali solution diffuse into the 
amylose-rich amorphous regions of the granules, break intermolecular bonds, and cause 
the granules to swell to a higher degree, with a concomitantly higher exudation of 
amylose. The alkali was proposed affect to the amylose more than the amylopectin 
molecules and/or amorphous regions of the granules (Lai et al. 2004). The alkali treatment 
process thereby removes the solubilized starch, which contains mostly amylose.  
Swelling power and solubility are properties of both amylose and amylopectin, 
with amylose acting as a diluent, whereas lipids can also inhibit swelling (Nadiha et al. 
2010; Wang and Copeland 2012). As shown in Fig. 6.9, the swelling power value of 
starch from QAL2000 decreased gradually over 15 days of alkali treatment. Wang and 
Copeland (2012) reported that the decrease in swelling power of pea starch was indication 
of the leaching of amylose from the granule during alkali treatment. In contrast, according 
to Karim et al. (2008), the observed decreased in swelling power value was explained by 
the starch granules of alkali-treated non-waxy sago starches being prone to rupture, thus 
yielding a low value of the swelling power. This is difference could be due to the test 
conditions (heating at 92.5 °C for 30 min) used in that study (Nadiha et al. 2010).  
The swelling power values of the Qa-wx genotypes were decreased after 1 day and 
then increased gradually after 5 and 15 days of alkaline treatment as shown in Fig. 6. 9. 
This suggests the alkali treatment affected amylopectin, which led to the disruption of 
waxy starch granules. Jackson et al. (1988) suggested, from size exclusion 
chromatography evidence for alkali-treated corn starches, that the amylopectin component 
was affected more by the alkali than amylose. Karim et al. (2008) and Nadiha et al. 
(2010) also reported a gradual increase in swelling power of alkali-treated non-waxy corn, 
sago and potato starches, which they suggested was  due to disruption of the amorphous 
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region the granule reducing the restraining effect of amylose, thus allowing the granule to 
swell more easily.  
As shown in Fig. 6.9, after 1 d of alkali treatment the solubility value of starch 
from QAL2000 and the Qa-wx-1 and 39 genotypes was decreased. The solubility of Qa-
wx-53 and 70 continued to decline more gradually after 5 and 15 days, unlike for the 
other two waxy genotypes and QAL2000. Most of the readily soluble starch molecules 
were removed after 1 d for QAL2000, Qa-wx-1 and 39, but differences in internal granule 
structure for Qa-wx-53 and 70 compared to Qa-wx-1 and 39, could be responsible for the 
different results.  
As shown in Fig. 6.9, there was a small decrease in relative crystallinity after alkali 
treatment 1, 5 and 15 days of alkali treatment of both QAL2000 and Qa-wx genotypes. 
For alkali - treated non- waxy pea starch, a similar result was explained as due to leaching 
of amylose from inside the granules, which could lead to the adjustment of the internal 
structures (Wang and Copeland 2012). Thys et al. (2008) and Cardoso et al. (2007) 
reported small decreases in relative crystallinity of pea and rice starches after alkali 
treatment.  
6.4.2. Effect of alkali-treatment on starch functional properties 
The trend effects of alkali treatment on functional properties of QAL2000 and the 
Qa-wx genotypes are shown in the summary in Fig. 6.10. After 1 day of alkali treatment 
the peak, final and breakdown viscosities of starches from QAL2000 and Qa-wx 
genotypes were significantly decreased compared to the native starches. In other studies 
(Karim et al. 2008; Nadiha et al. 2010; Wang and Copeland 2012), a decrease in the 
pasting profiles was recorded for non-waxy sago, potato and pea starches. In this instance, 
the peak viscosity was said to decrease due to disruption of the amorphous region by 
alkali treatment, resulting in weaker granular structure. The final and breakdown 
viscosities of QAL2000 and Qa-wx genotypes were decreased after 1day treatment. 
Decreases in the final and breakdown viscosities were also recorded for non-waxy sago 
and potato starches (Karim et al. 2008; Nadiha et al. 2010).  
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These results are not consistent with the results of Lai et al. (2004) who observed 
increased peak and breakdown viscosities for waxy and non-waxy cereal starches.  
 
  
  
  
Figure 6-9  Effect of incubation with 0.1 M NaOH for various times on amylose content 
and properties of starch from QAL2000 and Qa-wx genotypes. 
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After 5 and 15 days, a partial recovery in the pasting viscosities was observed 
especially for the Qa-wx genotypes but not for QAL2000. A similar increase in the 
pasting properties with increasing steeping time (15 days) was also recorded for alkali-
treated non-waxy corn starch (Nadiha et al. 2010). This recovery in pasting viscosities 
might be explained by an increase in the swelling ability of the starch granules due to 
greater water percolation within the granule as result of negative charges in the starch 
from the of hydroxyl group NaOH (Karim et al. 2008).  
 
 
 
Figure 6-10 Pasting properties of native and alkali treated QAL2000 and Qa-wx genotypes 
starch after 1, 5 and 15 days. PV is peak viscosity, BV is breakdown viscosity and FV is 
final viscosity. 
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As shown in Fig. 6.11, thermal profiles of the alkali-treated starches from 
QAL2000 and Qa-wx genotypes had higher transition temperatures (specifically To, Tp 
and Tc), when compared to the native starches. The increase in these transition 
temperatures, which indicates more stable crystallites that require more energy to melt, 
can be attributed to different mechanisms for QAL2000 and Qa-wx genotypes. The loss of 
AM could have caused realignment of chains in QAL2000 starch, whereas in Qa-wx 
genotypes there may have been perfection of crystallites due to process similar to 
annealing. The increase in transition temperatures alkali-treated starch was in agreement 
with studies on non-waxy sago and corn starches (Lai et al. 2002; Karim et al. 2008)  
Nadiha et al. (2010) and Wang and Copeland (2012) proposed that the higher 
gelatinization temperature of alkali- treated non-waxy sago, potato, corn and pea starch 
might be due to the rearrangement of polymer chains into more s table configurations 
when the starch is steeped in alkali held below the gelatinization temperature.  Lai et al. 
2004 also reported the gelatinization temperature of waxy corn and rice starches was 
significantly increased by alkali treatment. In the absence of amylose in waxy starches the 
significant increases in gelatinization temperature indicating enhanced starch crystallite 
stability, were proposed to occur through electrostatic interactions between Na+ ions and 
hydroxyl groups of starch.  
As shown in Fig. 6.12, retrograded alkali- treated starch from QAL2000 and Qa-wx 
genotypes had slightly higher transition temperatures compared to the respective 
retrograded starches that were not treated with alkali. This is in agreement with Karim et 
al. (2008) for sago starch, who found that alkali affected amylopectin to some extent, but 
that the action was limited primarily to the short-range structures in the molecule (double 
helices, aggregated helices), leaving the crystallites mostly intact. The value of enthalpy 
gives an overall measure of crystallinity (quality and quantity) and is an indicator of the 
loss of molecular order within the granule under the water-limited condition in the DSC 
pan (Wang and Copeland 2012).  
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Figure 6-11 Thermal properties of starch from QAL2000 and Qa-wx genotype after 
incubation in 0.1 M NaOH for 1, 5 and 15 days. To, Tp and Tc are the onset, peak, and 
conclusion temperatures and ∆H is the enthalpy change of the endothermic transition. 
 
The enthalpy change after retrogradation of starch from QAL2000 and the Qa-wx 
genotypes was sightly decreased compared with the native starches, indicating by alkali 
treatment. The lower enthalpy change in the retrograded alkali-treated non-waxy sago, 
corn and potato starches starch as compared to the native starch was taken as indicative of 
structural changes in amylopectin, possibly because alkali- induced depolymerisation 
decreased the energy transformation that occurs during melting and uncoiling of the 
double helices of crystallite amylopectin (Karim et al. 2008; Nadiha et al. 2010).  
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Figure 6-12 Thermal properties of retrograded starch from QAL2000 and Qa-wx genotype 
after incubation in 0.1 M NaOH for 1, 5 and 15 days. To, Tp and Tc are the onset, peak, and 
conclusion temperatures and ∆H is the enthalpy change of the endothermic transition. 
 
  As shown in Fig. 6.13, after alkali treatment the amount of RDS and SDS in 
QAL2000 and the Qa-wx starches were increased considerably, whereas the RS amount 
was decreased, compared with the respective native starches. Wang and Copeland (2012) 
reported a similar result, which for alkali- treated non-waxy pea starch was explained a 
due to the removal of amylose, as well as disintegration of the double helices or semi-
crystalline regions, giving the enzyme greater access to attack the starch. The hydrolysis 
of rice and wheat starch was increased significantly after NaOH treatment.  
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The removal of protein and lipids from the surface of the starch granules could 
allow the starch granules to swell more and open up the small pores or crevices on the 
granule surface, which would facilitate the access of enzyme into the starch granules 
(Uthumporn et al. 2012). According to Han and Hamaker (2002), starch granule-
associated proteins, including granule-bound starch synthase (GBSS), were found to be 
partially lost during alkaline extraction of rice starch. These results are in contrast to the 
many reports that modifications of starch, such as hydroxypropylation, 
octenylsuccinylation and combinations of cross- linking and substitution, reduce the extent 
of their enzyme-catalyzed hydrolysis (Han and BeMiller 2007).  
 The morphology and microstructure of QAL2000 and Qa-wx genotypes starches 
after alkali treatment were studied by confocal laser scanning microscopy (CLSM). 
Native starches from QAL2000 and waxy genotypes showed generally similar 
morphological features with slight differences between them, which might  be due to the 
structure of starch granule. According to Chen et al. (2009), who observed normal and 
waxy maize starches under CLSM, the granule core of most of the waxy granules was 
dark. The dark core is connected with channels in the granules.  
After 1 and 5 days, the morphological features of starches from Qa-wx genotypes 
granules showed small changes as observed with CLSM, which were not seen in 
QAL2000 starch. After 15 days in alkali, the Qa-wx granules appeared disrupted. The 
extent of damage differed among the starches from Qa-wx genotypes, which showed 
more damage than QAL2000 starch. Chen et al. (2009) showed that granules with high 
amylose content have a more compact microstructure than that of low-amylose starches 
and were more resistant hydrolysis by acid.  
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Figure 6-13 Enzymic hydrolysis of starch from QAL2000 and Qa-wx genotypes after 
incubation in 0.1 M NaOH for 1, 5 and 15 days. RDS is starch hydrolysed within 20 min, 
SDS is starch digested within 120 min and RS is starch that remained after 2 hr incubation. 
 
6.4.3. Comparison of methods for starch isolation 
As a shown in Table 6.8, there were differences in the properties of granules 
between the two isolation methods (alkali A/buffer B) for starches from QAL2000 and Qa-
wx genotypes. The starch from QAL2000 had lower of swelling power value  after isolation 
by method A than method B, whereas there were no differences shown in starches of the 
Qa-wx genotypes, except for Qa-wx-53, which had slightly lower swelling power with 
method A than method B.  
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Table 6-9 Comparison of properties of QAL2000 and Qa-wx genotypes after isolated with 
method A (alkali washing) and method B (water washing). 
 
Properties QAL2000 Qa-wx genotypes 
SSP Lower  with A No differences 
SS Higher with A Higher with A 
RC Higher with A Higher with A; except for Qa-wx-1 and 53 
AM Lower with A No differences 
PV Lower with A Higher with A; except for Qa-wx-39, 70 and 83 
BV Lower with A Higher with A; except for Qa-wx-59 
FV Lower with A Higher with A 
 
Both QAL2000 and Qa-wx starches showed higher SS value with method A than B 
method. This could be due to alkali causing the starch to depolymerize slightly and thus 
increasing readily dissolvable material. There was an increase in the RC of QAL2000 and 
most of the Qa-wx starches, which is in agreement with other studies that used alkali and 
other methods to isolate starches (Ghodke et al. 2009; Sun et al. 2013).  
 
The amylose content of QAL2000 starch was slightly lower with method A. Correia 
and Beirão-da-Costa (2012) found that the amylose content of starches from chestnut flour 
was affected by the isolation methods. Isolated starches always showed a decrease in 
amylose content when compared to that found in the original flour. This may be due to the 
loss of amylose during the extraction process, as well due to mechanical damage during the 
milling process making amylose more easily washed free (Grant 1998).  
 
RVA profile of starches effectively displayed properties that were changed by 
extraction process. QAL2000 had lower peak, final and breakdown viscosities with method 
A than method B, whereas the Qa-wx genotypes generally had higher peak, final and 
breakdown viscosities with method A than methods B, although some of samples had no 
differences. Starch damage of QAL2000 and waxy starches was low (2-4 %) with both 
methods, and unlikely to be a cause of differences between the two isolation methods. 
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6.5. Conclusions 
Key of the differences between present study and other study is that alkali- induced 
changes were measurement after 1-5 days. In other study Karim et al. (2008),  Nadiha et al. 
(2010) and Wang and Copeland (2012), the effected alkali were measured after 15-30 days. 
The present study showed that alkali treatment had clear effects on physicochemical 
properties of starches from QAL2000 and Qa-wx genotypes. It was evident that the alkali 
treatment played an important role in the affecting of the preferential attack on the granules 
by α-amylases. Generally, most of the changes take place within 1 day in alkali, but some 
ongoing changes continued to occur up to 15 days. The treated starch showed an increased 
SSP value for the Qa-wx genotypes. Pasting viscosities, dropped sharply after 1 d, but 
showed small recoveries after longer times in alkali. In comparison, the solubility and RC 
were decreased, but there were no differences in amylose content. The QAL2000 starch 
showed reduced SSP, SS, AM and RC values, whereas pasting viscosities fell sharply and 
did not recover after longer steeping times. In general, alkali-treated starch also showed a 
significant increase in thermal transition temperatures as determined by DSC.  
 
There changes, and the increased degree of susceptibility to enzyme attack of both 
QAL2000 and Qa-wx alkali-treated starches, may reflect how amylose molecules 
contribute in different ways to the internal organisation of the starch granules. The effects 
of alkali on QAL2000 are likely to be due to the loss of amylose molecules involved in 
granular organization, whereas the effects on Qa-wx genotypes may be due a process 
similar to annealing. Interestingly the present study also showed that isolation methods 
could affect the physicochemical and functional properties of starches. It is possible to 
conclude that the alkali washing isolation method affected amylose content in QAL2000 
starch, whereas for Qa-wx genotypes alkali washing resulted in granules with greater 
solubility and pasting viscosities for some other reason. The buffer wash method may result 
in less fragile granules. 
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Chapter 7 General conclusion 
 
This study has focused on the properties of starch from seven waxy wheat 
genotypes (Qa-wx) derived from QAL2000, a commercial Australian soft wheat variety by 
EMS mutagenesis, which led to the removal of functional GBSS activity. The amylose 
content of QAL2000 and the waxy genotypes was 27 % and 1-2 %, respectively. The aims 
of studies reported in this thesis were to analyse starch morphological, chemical and 
functional properties of the waxy mutants in comparison to the QAL2000 parent, including 
effects of the addition of lipid on pasting properties. The variation in in vitro enzymatic 
digestibility of the native starches and cooked and cooled starches from these genotypes 
was also studied. The effects of conditioning starches at different moisture conditions and 
storage times on the chemical and functional properties of QAL2000 and the waxy mutants 
were also examined, as were the properties of QAL2000 and waxy mutant starches after 
alkali treatment in 0.1 M NaOH solution. Differences between extraction methods for the 
starches using alkaline and buffer washing were compared.  
 
Chapter 3 presented a study showing that the starch from the waxy genotypes with 
1-2 % amylose content had higher SSP, RC, peak pasting viscosity, DP 37-60, 
gelatinisation temperature and enthalpy, but lower solubility compared with QAL2000 
starch. QAL2000 starch had greater volume proportion of B-particles (PB %) than the Qa-
wx genotypes. The presence of amylose gave the QAL2000 starch granules more 
resistances to swelling. While were clear differences between the QAL2000 and Qa-wx 
genotypes, there were small differences between the Qa-wx genotypes samples, which may 
be due to small differences in the structure of the starches. This study also showed that 
pasting properties of the Qa-wx genotypes and QAL2000 wheat starches as measured by 
the Rapid Visco Analyser were significantly influenced by the addition of 1 % 
monopalmitin. The QAL2000 starches were affected more than Qa-wx genotypes starches  
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with the higher values for ∆FV and CI of QAL2000 indicating a stronger interaction with 
iodine than for the Qa-wx genotypes.   
Iodine has been used to investigate the organization of glucan polymers within the 
starch granule because the extent of the interaction is determined not only by the amount of 
amylose or amylopectin, but also by the organization of these polymers within the starch 
granule (Seguchi et al. 2003). The iodine-stained Qa-wx granules featured a small darkly 
stained central part surrounded by a large ghost-like area, whereas the QAL2000 starch had 
more binding with KI/I2 solution and the granule shape and size were not changed. The 
seven Qa-wx samples were more easily disrupted in KI/I2 solution as seen from the greatly 
increased area observed under a light microscope. It has been proposed that 5 % amylose  
content of starch is required to maintain the structure of starch granules in relatively 
concentrated KI/I2 solution at 25 °C (Seguchi et al. 2001). As demonstrated by iodine 
staining of the waxy granules in this study, and also shown by (Seguchi et al. 2003), it is 
possible that a small amount of amylose or amylose- like material might be concentrated in 
the central region of the granules.  
 
The results presented in Chapter 4 showed that there were clear differences between 
QAL2000 and Qa-wx genotypes in the in vitro enzymatic digestibility of native, cooked 
and cooled starches. The waxy genotypes had more susceptibility to enzyme attack during 
the early stage of digestion compared with QAL2000 starch. After cooking, there were no 
differences between the Qa-wx genotypes and QAL2000 in RDS, SDS and RS of the 
starches. After cooking, the amount of RDS of the Qa-wx genotypes and QAL2000 was 
much greater, whereas the RS was greatly decreased compared with native starch. 
Enzymatic attack occurs more easily on the gelatinised starch than native starch especially 
after the starch structure has been disrupted after cooking as shown in this study, and also 
by Zhang et al. (2011). 
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 After cooling for 48 hours, there were clear differences in the amount of RS between the 
QAL2000 and Qa-wx genotypes, which is attributed to the faster retrogradation of amylose 
molecules compared to amylopectin. However, after cooling for 96 hours the Qa-wx 
genotypes and QAL2000 showed little difference in the amount of RS. This is consistent 
with the more gradual retrogradation of amylopectin in waxy starch during the longer 
storage time, as also shown by (Zhang et al. 2013). There were small but significant 
differences between some Qa-wx genotype due to cooling times.  
 
Chapter 5 presented a study that showed that moisture content had a strong 
influence on the physiochemical, functional properties, and iodine binding of starches from 
QAL2000 and Qa-wx genotypes. When stored at 30 % RH, all starches lost moisture. At 50 
% RH, moisture content within the granule remained more or less unchanged , and at 70 % 
RH, the starches absorbed moisture. The different storage times (1, 3 and 6 months) also 
seemed to affect starch granule properties. Generally, moisture loss at 30 % RH caused 
decreases in values for SSP, SS and RC and pasting properties of Qa-wx genotypes and 
QAL2000 compared with native starches especially after 3 and 6 months. At 50 % RH, 
moisture remained the same, but changes were noted in the SSP, SS, RC and pasting 
properties values, which are likely to be due to changes that occur as a result of long-term 
storage times. At 70 %, RH, moisture absorption increased in both types of starch 
properties, which generally increased SSP, RC and pasting properties values, whereas the 
starch solubility decreased. 
 
Uptake of iodine vapour, following equilibration at 30 %, 50 % and 70 % for 1, 3 
and 6 months was clearly affected in both waxy and QAL2000 starches. At low moisture 
content,  the iodine-polymer interaction is likely to occur only at the surface of granules for 
both waxy and QAL2000 starches of starches. At high moisture content (70 % RH), the 
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iodine vapour has more ability to enter within the starch granule and disrupt the crystalline 
region, which led to more complexes with starch polymers resulting in a darker stained 
colour for both types of starches. After 3 and 6 months at 70 % RH, the iodine vapour 
binding had more ability to bind with QAL2000, and at the higher moisture content the 
waxy granules were more fragile than native granules.  
 
 In Chapter 6, the results showed that alkali- treatment affected the physiochemical, 
functional properties of the Qa-wx genotypes and QAL2000 starch. The effect of alkali was 
clearly evident after 1 day of treatment. Alkaline treatment decreased the AM, SSP, SS and 
RC values of starch from QAL2000, which mostly occurred after 1 day, with only smaller 
changes taking place after 5 and 15 days. The Qa-wx starches had decreased SS with small 
decreases in RC and increased SSP value. Pasting properties of alkali- treated starch were 
significantly altered in alkali- treated starch, which also showed significant increases in 
DSC transition temperatures. There were small significant differences between Qa-wx 
genotypes samples. The in vitro susceptibility to enzyme attack of alkali-treated starch was 
increased by alkali treatment. The effects of alkali on QAL2000 are likely to be due to the 
loss of amylose molecules involved in the internal organisation of the non-waxy starch 
granules. In contrast, the effects on Qa-wx genotypes may be due to molecular 
realignments in a process similar to annealing.  
 
The techniques used to isolate starch affected the physicochemical and functional 
properties of the starch. After an alkali washing method, the SSP and AM values of 
QAL2000 was a little higher than with the buffer washing method, whereas the Qa-wx 
genotypes showed no differences in these parameters between the two methods. Method A 
resulted in granules that the SS and RC values of QAL2000 and the Qa-wx genotypes were 
a little lower than buffer washing method.  
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Pasting viscosities properties of QAL2000 starch showed lower values, in comparison with 
the Qa-wx genotypes showed high pasting viscosities values. There were clear differences 
in starch properties between the two isolation methods, which may affect how the starch 
will be used.  
 
In summary, the present study has shown that there were clear differences between 
the waxy starches and the QAL2000 parent. The Qa-wx genotypes showed higher SSP, RC, 
pasting viscosities, transition temperature (To, Tp, Tc and ∆H), and the initial digestibility of 
native starch, RDS of cooked and cooled starch with different stored time (48 and 96 
hours), but little differences in the amounts of RS after 96 hours. In contrast, the QAL2000 
starch had higher final viscosity (PB %), SS and RS (native and after 48 hours storage). 
The QAL2000 starches had strong interaction with MP as noted from high value of ∆F and 
CI compared to those of the Qa-wx genotypes. QAL2000 starch showed more binding with 
iodine solution with unchanged in shape and size, whereas starch from the seven of the Qa-
wx genotypes was easily disrupt in iodine solution had greatly increased area. Conditioning 
at 30 %, 50 % and 70 % RH showed that starch physicochemical, functional properties and 
interaction with iodine vapour of both QAL2000 and the Qa-wx waxy starches were 
sensitive to moisture content. Alkali treatment affected both QAL2000 and the Qa-wx 
starches, with major changes having occurred after 1 day, the starches varied in their 
behaviour with different times in the alkali solution.  
 
The isolation methods affected both QAL2000 and the Qa-wx genotypes properties. 
The physicochemical properties of QAL2000 starch were influenced more by the alkali 
method than the Qa-wx-genotypes, whereas the pasting properties of QAL2000 starch were 
influenced by buffer method more than the Qa-wx genotypes. From the results of this 
study, it can be concluded that  differences in properties between the waxy starches and 
QAL2000 were mainly influenced by the structural organization of starch granule,  
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particularly the role of the amylose molecules, which are important for the organization of 
non-waxy granules. The absence of amylose from the waxy granules had major effects on 
the properties of waxy granules, which result in a different internal structural organizat ion 
compared to non-waxy starch. 
 
Starch is a major component of the carbohydrates in the human diet, and its 
digestibility has a large influence on human health. Starch is often consumed after cooking, 
and is commonly found in low-moisture foods such as breads, pasta, noodles, biscuits and 
some breakfast cereals, and in some uncooked fruits and vegetables.  
 
Recently, native starch granules have been proposed as a healthy carbohydrate food 
ingredient because of their slow digestibility. Raw starch is also normally present in animal 
feeds. The industrial applications of starch are limited when it is used mainly in its 
unmodified form. In recent years, the genetic improvements made to produce cultivars 
suitable for the variety of cereal end-uses have been the result of conventional breeding. 
The genetic manipulation techniques are not only helpful to improve of cereals for the 
current familiar end-uses, but will also provide a great range of multi- functional cereals for 
novel foods and feeds, as well industrial and pharmaceutical applications (Sestili et al. 
2010).  
 
Waxy wheats are new cultivars produced by the application of physicochemical and 
biological techniques to meet the nutritional and industrial requirements of the market.  
These wheat starches and flours have many benefits in applications for food processing to 
improve the texture and quality of the end-use products. The improved freeze-thaw stability 
of waxy wheat starch thickeners is useful for frozen foods. Waxy starch has numerous 
industrial uses, and its convenient applicability make it important today. 
 
 
 
  
177 
 
 
The present study provides useful information that the genetic manipulation by 
plant breeding can have positive effects on starch properties that may be useful in food 
applications. The differences in amylose and amylopectin content in starch granules are 
what give starches their characteristic physical and chemical properties. The results 
presented from this study showed that many of the waxy wheat starch properties can be 
attributed to greater fragility of waxy granules in certain conditions, due to lack of 
structural of AM that reinforces non-waxy starch.  
 
Waxy wheat starches may be useful in food applications that require certain texture 
characteristics, such as the production higher quality specialty noodles, frozen and baked 
foods, thickening fruit pies, improving smoothness and creaminess of canned food and 
dairy products. The present study indicates that the waxy wheat starches swell more in hot 
water and reach a much higher pasting peak viscosity at lower temperatures than no n-waxy 
wheat starch. Waxy wheat starch has a higher gelatinisation temperature (To, Tp, and Tc) 
and enthalpy (∆H) than non-waxy wheat starch. Cooked waxy starch produces a highly 
gelatinous dispersion, as a soft runny gel. Waxy wheat starch may be more economical to 
use as a food thickener. The present studies showed that the waxy starch granules are more 
rapidly digested than non-waxy, which lead to slower glucose release and lower glycaemic 
response, which was important to body health. The present study also showed that the 
variation in moisture content affected starch properties, which should be noted for 
conditions used during storage.  
In conclusion, the present studies indicate that waxy wheat starch can be used as a 
gelling agent in a wide ranges of soups, sauces, and confectionary products where it is 
effective a thickener. Waxy starches are can be chosen for refrigerated and frozen food 
products due to their slower retrogradation rates and to improve freeze-thaw stability of 
frozen foods. Waxy starches are more rapidly digested than non- waxy starches, which may 
be useful for certain types of human foods and animal feeds. 
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Future lines of research could be on:  
1. Following on from present study, which showed that moisture content had a strong 
influence on the physiochemical and functional properties of starch,  it will be 
interesting to study the effect of long-term conditioning at different moisture levels 
on the physical properties of starchy food materials, such as flour and other stored 
and processed products.  
 
2. Alkali treatment is a general method that is used for starch isolation. The present 
study showed that alkali treatment had clear effects on physicochemical properties 
of starches. Generally, many of those changes took place within 1 day. It will be of 
interest to see how rapidly these changes take place in studies using shorter alkali 
treatment (minutes to hours).  
 
 
3. The effect of environmental factors such as rainfall, temperature, and soil properties 
on the structure and properties of starch granules from crops grown in different 
locations or years. 
 
4. The use of blends of waxy and non-waxy wheat starch or flour. This may confer 
extended shelf life to baked goods, and could expand their range of end uses in food 
and non-food applications. 
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Appendix 
Appendix 1: RDS (%), SDS (%) and RS (%) cooked starch from QAL2000 and Qa-wx 
genotypes 
 
Samples RDS SDS RS 
QAL2000 72 23 6 
Qa-wx-1 72 23 6 
Qa-wx-39 72 23 6 
Qa-wx-53 71 23 6 
Qa-wx-59 72 23 6 
Qa-wx-69 72 23 6 
Qa-wx-70 72 23 6 
Qa-wx-83 72 23 5 
 
 
 
 
